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ABSTRACT
Chromite deposits in the Oman ophiolite are invariably associated 
with dunite bodies occurring dominantly within the upper part of the 
basal harzburgite unit of the ophio lite , the 'Mantle Sequence'. The 
host harzburgite and the dunite/chromitite suite show textural and 
geochemical evidence of origin  by d ifferent genetic processes.
Harzburgite has tectonite textures from polyphase deformation 
and is  homogeneous on a gross scale in its  mineralogy and chemistry. 
Harzburgite mineral compositions suggest an origin as a refractory  
residue from one or more partial melting episodes, low fC  ^ conditions, 
and show no systematic spatial variation. Large variations in accessory 
chromite are attributable to re-equilibration with variable bulk-rock 
alumina contents.
Dunite-chromitite bodies are less deformed than the harzburgite 
and contain primary igneous textures. Chromitite spinel compositions 
are least affected by silicate-chromite re-equilibration and show 
systematic variation with depth throughout the Mantle Sequence compatible 
with c rysta ll iza tion  from a ris ing  hydrous magma d iap ir .  Pulses of 
chromite precipitation may have been in it ia ted  on periodic release of 
magma from the d iap ir  into the overlying chamber. Coupled with crystal 
settling and/or boundary layer crysta ll iza tion  th is  is  a possible 
mechanism for formation of massive chromite bodies and explains the 
congregation of large chromite deposits within a narrow depth zone at 
the top of the Mantle Sequence.
The presence of a lk a l i- r ic k  minerals and v o la t i le  phases in 
interstices and/or primary inclusions in massive chromite deposits are 
sign ificant. Clearly a lkalies and vo latiles  are intimately associated 
with the processes of transport and concentration of chromiumj possibly 
involving immiscible l iq u id s ,  but l i t t l e  is known of the phase relations 
of such complex systems at present.
Oman chromitites are not commercially very attractive for large 
scale investment but could be worked on a small scale and represent a 
further d iversity  in a world market dominated by two countries.
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CHAPTER ONE Introduction
1.1 Oman : regional setting
The dominant geographical feature o f Oman is  the arcuate mountain 
chain bordering the eastern coast and passing southwards from the 
northern borders with the United Arab Emirates (U.A.E.) and the south- 
eastern-most point of the Arabian Peninsula, ( f i g . 1.1). These 
mountains reach elevations of between 500 and 1000m in the area of  
study and are cut by deeply incised generally W-E — SE-NW trending 
wadis. Further to the south in the Jebal Akhdar range they r ise  to 
ju s t  over 3000m, the highest point being Jebal Ash Shams at 3019m 
above sea leve l.  The extensive coastal p lain bounded by the mountains 
and the Gulf of Oman is  known as ' A1 Batinah' or 'the coast' and 
consists o f overlapping outwash fans produced during the geologically  
recent past by the intensive erosion of the mountain chain.
1.2 Regional Geology
Tethyan ophiolite  belt
Palaeogeographic reconstructions (Smith, 1971; Dewey et a l ,  1973- 
and Stoneley, 1975) reveal that during the t r ia s s ic  an oceanic area(s) 
(Tethys) existed between 1) A fr ica ,  Arabia and India which were then 
part of Gondwanaland in the south and 2) Eurasia in the north. The 
evolution and eventual closure of Tethys are linked to the development 
of the present day Atlantic  ocean (Dewey et a l ,  1973) and evidence for  
i t s  existence can be seen in suture zones of the Alpine-Himalayan 
system extending from North Africa  and Europe through the Middle East 
to the Himalayas, Burma, Malaysia and Indonesia. Along the suture 
zone there are T r ia ss ic  volcanic sequences related to in i t ia l  r i f t in g ,  
extensive shelf-s lope-rise  successions o f passive margin sediments and 
ophiolite  sequences that are remnants o f oceanic lithosphere. 
Olistostromal and tu rb id it ic  trench sediments and volcanics, the 
products o f subduction zone processes occur with the ophiolites  
( c . f .  Wells, 1969; Glennie et a l ,  1974; Stoneley, 1975). The positions 
of the Tethyan sutures and the related ophiolites are shown in f i g . 1.2.
.0
SIM PLIFIED OUTCROP MAP OF THE OMAN MOUNTAINS
f ig .  1.1 The Oman Mountains
Main f ie ld  area for this study shown in box
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The evolution of the Alpine-Himalayan system did not involve a single 
plate boundary but a complex system of evolving ocean ridges, transform 
fau lts , trenches, island arcs, back arc basins and subsiding continental 
margins (Smith, 1971; Dewey et a l ,  1973). This has produced a v a r i­
ation in the age of formation and emplacement of ophiolite suites 
varying from Triass ic  to Upper Cretaceous.
Two types of ophiolite have been recognised in the western Tethyan 
belt (Rocci et a l ,  1975; Pearce, 1979) :
1) Early and middle Mesozoic ophiolites mostly occurring in the 
western Mediterranian, which have mid-ocean ridge to within-plate 
type basalts and a lherzolite  mantle sequence.
2) Upper Cretaceous ophiolites with mid-ocean ridge to island-arc 
tho le iite  type lavas with lower abundances of incompatible elements 
than those in the f i r s t  group and a harzburgite mantle sequence.
Pearce (1979) has shown that few of the Tethyan ophiolite lava units 
show a ll the characteristics of normal mid-ocean ridge basalts and 
upper units from Troodos and Oman (group 2) resemble island-arc 
tho le iites  (Miyashiro, 1973; Pearce, 1976; Alabaster et a l , 1980). The 
intimate association of mid-ocean ridge type lower lavas and underlying 
sheeted dykes indicative of sea floor spreading with upper island-arc 
type lavas in the group 2 ophiolites suggests that they were formed by 
sea-floor spreading in marginal or back-arc basins above a shallow 
dipping subduction zone.
In the southern Tethyan suture Stoneley (1975) recognises two 
types of ophiolite complex using structural and sedimentological 
associations:
1) On the northern side of the suture are predominantly late 
Cretaceous small and fragmented ophiolites associated with deep-water 
sediments at the base of a Tertiary cycle of flysch sedimentation. 
Examples of this type are the in te r io r  of the Makran coastal belt  
(Gansser, 1955), associated with Indus flysch north of the Himalayas 
(Gansser, 1964) in the Arakan Yoma (Brunnschweiler, 1966), the Andaman 
Islands (Karunakaran, et al (1964), and in the islands of the outer 
Indonesian arc (van Bemmelen, 1949).
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2) On the southern side of the suture are ophiolites which overlie  
or are found within a Mesozoic/Cenozoic passive margin sedimentary 
sequence and were a ll  emplaced in the late Cretaceous (Campanian- 
Maestrichtian). Examples of this type have been described in Cyprus 
(Gass and Masson-Smith, 1963; Gass, 1968), Southern Turkey (Rigo de 
Righi and Cortesini, 1964; Brinkman, 1972), Iran (Wells, 1969; Ricou, 
1971), Pakistan (Jones, 1961), the Himalayas (Gansser, 1959; 1964), 
and Oman (Reinhardt, 1969; Allemann and Peters, 1972; Glennie et a l ,
1973; 1974). These ophiolites are generally larger and more intact 
than the f i r s t  type, Oman being the largest and best preserved of 
these with an estimated volume of 30,000km3. The mechanisms of 
emplacement of these two ophiolite types are markedly different  
(Stoneley, 1975). The f i r s t  type, taking those in the Zagros Crush 
Zone, Iran, as an example, have been emplaced at a s ite  of former sub- 
duction and where continental co l l is io n  has taken place, in this case 
of Arabia into Asia. The second type are associated with'passive 
margin sediments and have been e a r l ie r  obducted there or are essent­
ia l ly  autochthonous (e.g. Troodos, Cyprus, Gass and Masson-Smith, 1963). 
The proposed mechanisms of emplacement for the Oman ophiolite are 
b r ie f ly  discussed in the next section which deals with the general 
geology, history of deposition and tectonism associated with the Oman 
ophiolite.
Geology of the Northern Oman Mountains
Geological study of the Oman started over 70 years ago with the 
pioneer work of Pilgrim (1908), and continued with work by Lees (1928), 
Hudson et al (1954), Morton (1959),Hudson and Chatton (1959), Hudson 
(1960), Tschopp (1967), Wilson (1969), Reinhardt (1969), Allemann and 
Peters (1972) and Glennie et al (1973). In 1974 Glennie and his co­
workers presented a comprehensive volume forming the framework for most 
subsequent study. Since 1974, two research teams, one from the United 
States Geological Survey/University of California  led by Dr.C.Hopson 
and the other from the Open University, U.K., led by Prof. I.G.Gass (of 
which the author is  a member), have been engaged in f ie ld  work in the 
Northern Oman Mountains. Numerous papers have been and w il l  be pub­
lished, most of which w ill be referred to in this work.
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The stratigraphy in Oman can be divided into 7 major units (f igs.
1.3 and 1.4). The lowermost two units are autochthonous basement 
with overlying sediments overlain tectonically  by 4 allochthonous 
units; 1) the Sumeini group of carbonate and c la st ic  shelf edge 
sediments, 2) the Hawasina complex of carbonate, c la st ic  and pelagic 
basinal sediments, 3) the Haybi complex, a melange including a 
volcanic complex and 4) the Semail ophiolite . An uppermost unit 
consists of sediments unconformably la id  down across a ll  previous units. 
The allochthonous nature of the Semail ophiolite (Igneous Series) and 
the Hawasina Group was proposed by Lees (1928) but subsequent workers 
(Morton, 1959, Tschopp, 1967, Wilson, 1969), invoked an essentia lly  
autochthonous situation. Later work by Reinhardt (1969), Allemann 
and Peters (1972) and Glennie et al (1973; 1974) as well as the present 
studies support Lee's original allochthonous model and this is  now 
almost universally accepted.
Autochthonous units
Crystalline basement is  exposed at Jebal Ja'alan ( f ig .  1.4) where 
gneisses, amphibolites and schists are intruded by granites dated at 
860my (Glennie et a l , 1974) and la ter  N-S trending dykes.
The oldest rocks in the northern Oman mountains are exposed in the 
cores of the antic lina l structures of Jebal Akhdar, Saih Hatat and 
Haushi-Huqf ( f ig .  1.4). They are a Cambrian to Carboniferous succes­
sion of quartzites, shales, carbonates and volcanics formed whilst the 
area was either emergent or covered by shallow continental seas. 
Deformation and local metamorphism of this pre-Permian succession took 
place during an early phase of the Hercynian orogeny. Continental 
r if t in g  occurred in the area during the late Permian followed by a 
marine incursion resulting in a thick succession of Permian to 
Triass ic  dolomites of restricted facies (Akhdar group). By the mid- 
Triass ic  a block faulted continental margin existed with sedimentation 
controlled by d ifferentia l subsidence (Graham, 1980(a)). The area 
was uplifted in the late Triass ic  probably prior to the onset of ocean 
f loor spreading and continental separation s ign ified  by a late
f ig . 1.4 Geological sketch map of the Oman mountains 
(from Graham, 1980)
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Triassic  unconformity over much of Oman. The early Jurassic saw 
gentle subsidence of the margin and the onset of shallow marine carbon­
ate sedimentation which lasted until the mid-Cretaceous (Cenomanian), 
depositing the Sahtan, Kahmah and Wasia groups which,with.,the Akhdar 
group,make up the Hajar Super-Group. Regional u p l i f t  in the late 
Cretaceous was followed by the deposition of the Muti Formation (Con- 
iacian to Campanian) consisting of shales and marls containing 
irregular lenses or thicker sequences of limestone conglomerate, 
calcareous turbidite and radiolarian chert. The conglomerates are 
more common towards the north-east where they are composed essentia lly  
of Permian clasts. The Muti Formation grades la te ra lly  south and 
west into shales and marls of the Fiqa formation. Overlying these 
two formations is  the Juweiza Formation consisting of coarse grained 
c la st ic  sediments and conglomerates which contain clasts 6f Hawasina 
sediments and ophiolite igneous rocks.
Allochthonous units
The lowermost allochthonous unit, occurring only in northern 
parts of the mountains, is  the Sumeini Group, a Permian to Cenomanian 
sequence of reefal limestones, slump conglomerates, turbidites and 
calcareous mudstones. These are thought (Glennie et a l ,  1974) to be 
the shelf-edge facies equivalents of the shelf facies Hajar Super 
Group and as such are not considered to have moved very far during 
nappe emplacement. For th is  reason the Sumeini Group is  termed the 
'parautochthonous series' (Glennie et al, op c i t ) .
Tectonically overlying the Sumeini Group is  the Hawasina Complex 
which consists of several thin imbricated nappes of pelagic sediments, 
limestone and sandstone turbidites and cherts. The Hawasina Complex 
has been divided on the basis of lithology or litho log ic  sequence into 
7 tectonically bound lithostratigraphic units, each deposited between 
the mid-Triassic and mid-Cretaceous (except for unit 7, the limestone 
exotics) (Glennie et a l ,  1973). There is  an obvious trend of deepen­
ing environment of deposition passing up the structural section 
(Glennie et a l ,  op c i t ;  Graham 1980(b)). The continental r if t in g  and
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passive margin formation proposed for Oman during the deposition of 
the Hajar Super Group, Sumeini Group and Hawasina Group sediments from 
the early Permian to early Cretaceous by Graham (1980(b)) is shown 
diagrammati ca lly  in f i g . 1.5. A reconstruction of the Hawasina basin 
by Glennie et a l ,  (1974), is  shown in f i g . 1.6.
Tectonically overlying the Hawasina complex is  a complicated 
internally  imbricated sheet of olistostromal sediments, alkaline lavas 
and pyroclastics often enclosing large blocks of Permian and Tri ass ic 
exotic limestones, th o le i i t ic ,  mainly pillowed lavas and a metamorphic 
sheet of serpentinite and lower greenschist to upper amphibolite meta­
sediments and meta-volcanics. This tectonic unit is  the Oman mélange 
of Glennie et al (1974) and the Haybi Complex of Searle (1980).
Searle (op c it )  divides the Haybi complex into an Upper Cretaceous 
sedimentary mélange, Upper Permian to Mid?-Cretaceous volcanic rocks 
(the Haybi Volcanics), isolated Upper Permian and Upper Triassic  lime­
stone exotics, sub-ophiolitic metamorphic rocks and serpenti n ites.
The Semai 1 Nappe or Oman Ophiolite overlies the Haybi Complex 
from which i t  is  separated by the Semai 1 Thrust. The ophiolite nappe 
is  up to 15km thick and consists of a thick harzburgite unit in turn 
overlain by layered mainly gabbroic rocks a sheeted dyke complex and 
pillow lavas. A complete, coherent and largely undeformed ophiolite  
sequence, as defined by the 1972 Penrose conference (appendix I) is  
present. The various lithologies that make up the ophiolite sequence 
are described and discussed in detail in chapters 2, 3, 4, 5 and 7.
Post-ophiolite autochthonous sediments
Shallow marine b ioc lastic  limestones of Maestrichtian age (the 
Simsima Formation) unconformably overlie a l l  of the autochthonous 
units and on the eastern side of the Oman mountains conformably over- 
l i e  the Campanian to Maestrichtian Juweiza Formation and possibly the 
Fiqa formation (Glennie et a l ,  1974). The Simsima formation either  
grades upwards into Palaeocene limestone or is  overlain unconformably 
by late Eocene or early Miocene sediments (Glennie, 1977).
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Nappe Emplacement
Accumulation of a thick Cretaceous shelf succession throughout 
Oman was followed by u p l i f t ,  erosion and deposition of the Muti shales 
and conglomerates. This represented increased in s ta b i l i ty  of the 
shelf which d irectly  preceded emplacement of the nappes. The 
ophiolite is  dated as Cenomanian/Turonian (Glennie et a l , 1974; Tippit 
and Pessagno, 1979). It was emplaced after the deposition of the Muti 
Formation (Coniacian to Campanian) but prior to the onset of shallow 
marine sedimentation in the Maestrichtian. The processes causing the 
in i t ia l  movement of the ophiolite slab have been the subject of some 
speculation. Various models that have been suggested are:
1) gravity gliding from the north-east (Glennie et a l ,  1974)
2) gravity spreading ( E l l i o t t , 1976)
3) co ll is io n  between a passive margin and the fore-arc limb of 
an island arc complex (Gealey, 1977)
4) accretion above a north-easterly dipping subduction zone 
followed by partial continental co ll is io n  (Welland and 
M itchell, 1977), and
5) in i t ia l  displacement of the ophiolite by continental under­
thrusting of ocean floor and la te r  emplacement by gravity 
gliding/spreading (Searle, 1980; Graham, 1980(b) ). '
The existance of a north-easterly dipping subduction zone is  con­
sistent with evidence from Iran (Takin, 1972) but Welland and Mitchell's 
(1977) model of accretion as thrust wedges above a subduction zone does 
not account for the ophiolite remaining as one competent slab during 
emplacement. They also suggest that the origin of the ophiolite suite 
is  to the south-west of the subduction zone, at a mid-ocean spreading 
ridge. The upper lavas of the ophiolite have island arc/back arc 
a ff in it ie s  (Alabaster et a l ,  1980) and are separated from the lower 
lavas by l i t t l e  or no sediments suggesting that the upper lavas were 
erupted soon after the lower lavas and so the ophiolite was probably 
formed above a gently dipping subduction zone. Gealey's (1977) model, 
therefore, appears appropriate but does not sa t is fa c to r ily  explain a l l  
the features present. The fore-arc limb of an island arc system
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would represent some of the oldest oceanic crust present and would be 
expected to have a Permo-Triassic age. It is  much younger and was 
emplaced very soon after it s  formation. Island arcs are known to be 
amongst the most rapidly uplifted of tectonic features and although 
the arc volcanics present in the Oman ophiolite are less than 1km thick 
the arrival of a passive margin at a subduction zone beneath a rising  
insip ient arc with subsequent underthrusting and iso stat ic  rebound by 
the continental margin (Graham,1980(b), Searle ,1980) may be the most 
l ik e ly  mechanism for u p l i f t .  This would provide the driving force 
for the gravity emplacement models e a r l ie r  suggested by Glennie et al 
(1974) and E l l io t  (1976), and invoked by Graham (op c it )  and Searle 
(op c it)  for final emplacement of the Oman ophiolite onto the contin­
ental margin of Arabia. In this passive margin/arc co ll is io n  model 
the absence of the old component of the fore-arc limb s t i l l  remains a 
problem. It is  possible that i t  may have been lost by 'peeling off' 
into the subjacent subduction zone, but this is  purely conjectural. 
Underthrusting of an island arc by a passive continental margin has 
occurred in New Guinea (Hamilton, 1973; Branson 1978) although in this 
case subduction proceded for longer and the arc was therefore more 
developed. Continental underthrusting at considerable depth is  
supported by the presence in the Haybi Complex in Oman of upper amphi­
bolite  facies meta-sediments and volcanics.
Following ophiolite emplacement regional u p l i f t  occurred during 
which the ophiolite was subject to a b r ie f  period of emergence 
producing la terites  preserved in the southern part of the mountains 
near Ibra ( f i g . 1.1). Then the whole of Oman was covered in shallow 
seas from the Maestrichtian onwards until Oligocene and Miocene u p l i f t  
(Glennie et a l ,  1974) resulted in a regression and the exposure of 
progressively lower strata in the antic lina l structures of Jebal 
Akhdar, Saih Hatat and Haushi-Huqf ( f i g . 1.4). The ophiolite consists 
of a series of large blocks tens of kilometres across with compara­
t ive ly  l i t t l e  internal deformation. This division into blocks 
occurred either during emplacement or as a result of Tertiary folding  
and erosion (Graham, 1980(b). Graham (op c it)  defines the main control­
ling factors on the d istribution of these ophiolite blocks as:
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1) Tertiary fold axes
2) The location of tectonic culminations 
beneath the Semail Thrust, and
and depressions
3) Major basement faults.
The rapid u p l i f t  and erosion during the Tertiary has produced 
thick wadi gravels and fanglomerates which now form the f la t  coastal 
plain (A1 Batinah) which borders the coast of the Gulf of Oman
(flg .1 .1 ) .
1.3 Previous work
This section is a summary of geological data on the genesis of
1) o p h io lit ic  harzburgite sequencies and 2) podiform chromite 
deposits current at the in it ia t io n  of this research. This w il l  then 
lead to the rationale of the present study ( l .S ) .
Ophio lit ic  harzburgite sequences
Tectonite peridotites are present as the lowermost unit in a ll  
ophiolite sequences (Penrose, 1972, see appendix I) and form a floor  
to the crustal magma chamber in which the overlying layered gabbros 
and peridotites were formed. Ophiolite tectonites are texturally  
and chemically s im ilar to ultramafic rocks of Alpine-Peridotite Com­
plexes (Thayer, 1960) and are assumed to be of s im ilar orig in . Both 
consist mainly o f harzburgite or less commonly lherzo lite  with minor 
inhomogenities present as fo liated  or non-foliated patches of dunite 
and veins of dunite pyroxenite and gabbro which are intimately 
associated with and closely linked genetically to the harzburgite 
(Menzies and Allen, 1974).
The harzburgite is  widely thought to be a depleted mantle residue 
from which melt fractions have been almost completely extracted after  
partia l melting of primary mantle (Wilson, 1959; Carswell, 1968; 
Viljoen and Viljoen, 1969; Boudier and Nicolas, 1972; Menzies and
if
Allen, 1974). From experimental studies, an assemblage of o liv ine  
and orthopyroxene is  the expected residue a fter  moderate degrees of
i
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partial melting of aluminous peridotite upper mantle (O'Hara, 1968) 
and removal of basaltic melt (Hamilton and Mountjoy, 1965; Himmelberg 
and Loney, 1973). Bulk compositions of harzburgite are lower in 
A1, Ca, K and Na and higher in Mg, Mn, Ni and Cr than would be com­
patible with projected primary upper mantle compositions (Green and 
Ringwood, 1967; Menzies, 1973).
An interpretation of ophiolite and alpine-type harzburgite 
sequences as deformed cumulates has been suggested (Thayer, 1967) 
but major objections have been raised to this hypothesis:
1) The high proportion of harzburgite to overlying cumulates pre­
cludes the p o ss ib il ity  that they formed by cumulate processes from a 
basaltic magma (Menzies and Allen, 1974) and cumulus origin from an 
ultramafic magma requires large volumes of that magma (har;zburgite 
sequences usually constitute over ha lf of ophiolite volume), which is  
extremely rare amongst lavas and so its  existence at depth is  
questionable (Dickey, 1975).
2) No cryptic mineralogical or bulk chemical variations in Mg/Mg+Fe 
or Cr have been established in the harzburgites as might be expected 
in cumulate systems. The harzburgites appear to be very homogeneous 
(Menzies and A llen, 1974) and there is  l i t t l e  or no evidence of inter­
cumulus liquids (Dickey, 1975).
3) Co-precipitation of o liv ine  and orthopyroxene to form these 
harzburgites would be prevented, at low pressures, by the o liv ine-  
orthopyrozene reaction relationship which persists to 5kbar in 
anhydrous systems and to higher pressures with high water contents 
(Kushiro et a l ,  1968).
Plagioclase lherzolite  occurring as 'patches' in harzburgite 
sequences (Nicolas and Jackson, 1972; Menzies and Allen, 1974) and 
spinel lherzolites occurring as a basal layer (Malpas and Strong,
1975; Malpas, 1978) have been interpreted as primary or only p a rt ia lly  
modified mantle material. Evidence of incomplete extraction of a 
basaltic melt can be seen as pods or schlieren of gabbroic assembl­
ages and intergranular partia l melt textures (Menzies, 1973).
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In complete separation and in -s itu  crysta ll iza tion  of generated basaltic  
extract have also been recorded in garnet lherzolites as garnet and 
clinopyroxene peridotites (Carswell, 1968- Kornprobst, 1969). Bulk 
compositions of these lherzolites are sim ilar to those expected for 
primary mantle from experimental studies (Ringwood, 1966; Green and 
Ringwood, 1967; Ringwood, 1970; O'Hara, 1970).
Dunite patches and veins were previously grouped with harzburg- 
ites as residual tectonites (e.g. Moores and Vine, 1971) but have la ter  
been interpreted as the result of c rysta ll iza tion  of o liv ine  and 
chromite from liquids trapped in the harzburgite during it s  convective 
ascent (Allen, 1975; Malpas, 1978). No evidence has been presented 
so far  for residual 90-100% oliv ine  dunites which would be expected to 
have a much higher Cr, Ni and lower T i ,  Fe and Mn contents than 
refractory harzburgites (Burns, 1973).
A calculated primary magma from approximately 20% partial melt 
at about 20kbar of spinel lherzo lite  is  a p ic r i t i c  th o le iite  which 
would start to c ry s ta ll ize  at depths of less than 60km (Malpas, 1978- 
Cawthom and Strong, 1975). The nature of crysta ll iza tion  would 
depend on the rate of uprise of a magma d iap ir ,  d ifferent rates result­
ing in d ifferent proportions of chromite, o l iv in e , orthopyroxene and 
clinopyroxene obtained by crysta ll iza tion  under high pressures whilst 
plagioclase enters the assemblage under lower pressures explaining 
the various modal proportions of these minerals comprising veins in 
the tectonites (Malpas, 1978).
Podiform chromite deposits
Podiform chromite deposits (Thayer, 1960) include a ll  pod-like, 
tabular and lenticu lar bodies of chromitite that occur in .tectonite  
peridotites and basal dunite cumulates of ophiolites and alpine type 
peridotites (the f i r s t  and la s t  categories appearing for the most 
part to be synonymous). This association of podiform deposits with 
ophiolites restricts  the ir  occurrence to island arcs and mobile 
mountain belts mainly of Palaeozoic or younger age (Thayer, 1970), 
although Upper Proterozoic ophiolite podiform chromite deposits in
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N.W. Saudi Arabia have been described (Neary, 1974) and the Selukwe 
deposits in Zimbabwe (>3200 b.y.) have both stratiform and podiform 
characteristics (C o tte r i l l ,  1969). By comparison Thayer (1970) notes 
that a l l  economic stratiform type chromitites which are re lative ly  un­
deformed and occur in stable shield areas, are of Precambrian age.
The more extensive studies of stratiform type chromitites give import­
ant insights into some conditions under which the crysta ll iza tion  of 
chromite can take place. This may be relevant, as nowhere in podi­
form deposits are chromitites found outside of the types of host rocks 
in which they occur in stratiform complexes (Thayer, 1970) where they 
form by crystal settling ( c . f .  Worst, 1960) from mafic magma contain­
ing low (1-2%) concentrations of chromium (Irvine, 1967). : D istinctive  
r e l ic t  settled textures, more or less deformed by magmatic flowage, 
are preserved in most podiform chromite in alpine peridotites (Thayer, 
1970). This has been taken as prima facie evidence that the ir  primary 
host rocks were differentiated by crystal settling  from a .f lu id  mafic 
magma in a s im ilar manner to stratiform complexes but various evidence 
has already been presented as to why at least the harzburgites, 
forming the main body of ophiolite tectonites and alpine peridotites  
are not at present generally considered to be magmatic cumulates. 
Attempts have been made to reconcile the undoubted cumulate origin of 
the chromitites with the residual nature of the harzburgite. The 
most simple mechanism is  the formation of the chromitites at the base 
of the overlying cumulate sequence. Dickey (1975) suggests that the 
elongate shapes of the deposits may represent the forms of the original 
magma chambers as they formed in long narrow magma pockets along plate 
margins, in a turbulent zone of mixed liquids and so lids , where 
nodular textures may originate by 'snowballing' and recrysta llization  
of chromite crysta ls. Chromite concentration is  by winnowing within 
this zone with massive chromitites and o liv ine chromitities with fine 
cumulus textures forming in magma pockets. The massive chromitites 
sink as dense autoliths into the underlying periodite to a maximum 
of about 600m depth below the cumulate base ( f i g . 1.7). Greenbaum 
(1972) describes a more placid environment at a constructive margin for 
the deposition of the Troodos (Cyprus) chromitites ( f i g . 1.8). Here 
the chromite concentrations originate in hollows on the harzburgite
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f loor by crystal settling with undercooling of the magma and super­
saturation with chromium leading to dendritic growths and separation of 
chromium-rich immiscible liqu id  responsible for nodular and orbicular  
textures. He invokes later infolding of the basal dunite layer and 
contained chromitites into the tectonite peridotite. Neary (1975) 
proposes an origin by settling of chromite crystals at the sites of 
partial melting in magma pockets within the dunite/Harzburgite 
tectonite unit of the Upper Proterozoic AT Ays complex in N.W.Saudi 
Arabia. The chromites are, then, residual with the observed chromite 
chemical variation across the complex being due to the dependence of 
Cr compositions on temperature, (Dickey and Yoder, 1972; O'Hara, 1973), 
with the most chromian chromites occurring at the base of the sequence. 
This segregation mechanism does seem to require rather large degrees of 
partial melting to form in s itu  magma pockets, however, and as Thayer 
(1970) notes, there is  no evidence that chromitite masses can be formed 
by melting or recrysta lliz ing  a small part (e.g. 15-20%) of any so lid  
rock containing accessory chromites or chromium-bearing s i l ic a te s .  
However, this mechanism does attempt to explain the chemical variation  
with depth that is  not easily  explained by hypotheses invoking chromite 
masses sinking from the overlying cumulates. Podiform chromite 
deposits are invariably surrounded by a sheath or halo of dunite (e.g. 
Thayer, 1960, 1964, 1970; Dickey, 1975) and dunite bodies containing 
disseminated chromite and chromite schlieren have been attributed to 
cumulate processes acting within the tectonite peridotite (Allen, 1975; 
Dick, 1977; Malpas, 1978). This may provide a valuable clue to the 
origin in chromitites which show apparent cumulate textures within 
tectonised and residual host rocks.
Podiform chromitites are texturally d is t in ct  from stratiform  
chromitites in that the former is  commonly comprised of coarse (> 3cm) 
anhedral interlocking grains and can display nodular and orbicular  
textures whilst the la tte r  commonly bears smaller euhedral grains and 
lacks these textures, (Thayer, 1970). The nodular textures have en­
couraged some writers to propose an origin by liqu id  immiscibility on 
the basis of the f ie ld  of immiscibility at 1 atm. above 1700°C in the 
system MgO = Cr203 = Si02 (Shams, 1964; Chakraborty and M allik , 1971) 
but Dickey (1975) stated that this was unlikely both due to the
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geologically unreasonable high temperatures and that the two liquids  
yielded in the system are unlike natural magmas.
The matrices of podiform chromitites are most commonly composed 
of oliv ine usually more or less altered to serpentine although plagio- 
clase and clinopyroxene have been reported by Thayer (1964, 1969) and 
amphibole by Pamic (1970). Despite the clinopyroxene seen in the 
matrix of one deposit Thayer (1964) has noted that no chromitites 
occur in host rocks with essential clinopyroxene, i . e .  Iherzolites and 
wehrlites. The association of chromitites with plagioclase or the ir  
proximity to gabbroic cumulates due to their tendency to l ie  close 
beneath the tectonite/cumulate boundary means that the ir  c r y s ta l l iz ­
ation is  restricted to pressures below 8-10kb (Kushiro and Yoder, 1966; 
O'Hara, 1967; Dickey, 1975) or depths of less than 25-30km under 
oceanic regions. Chromite deposits are never found in association 
with rocks of high pressure mineral assemblages such as eclogite or 
garnet peridotite (Jackson and Thayer, 1972), perhaps because at 
elevated (  ^ lOkb) pressures chromium is  extracted from the magma by 
direct precipitation of chrome diopside and other chromium-bearing 
s i l ic a te s .
Chemical characteristics of podiform chromites include a large 
variation in chromium: aluminium rat io , low titanium and fe r r ic  iron 
contents and a f a i r ly  uniform magnesium: ferrous iron ratio  contrasting 
with stratiform type chromites which have more widely varying magnesium 
ferrous iron ratios and may have higher fe r r ic  iron contents ( f i g . 1.9). 
The main factors controlling chromite composition are:
1) Residual or cumulate origin and magma evolution; the residual 
spinels produced during partial melting in magmagenesis would be the 
most chromian and cumulus chromites subsequently precipitated from the 
resulting magma w ill  be increasingly aluminous as Cr is  depleted and A1 
enriched in the liqu id  (Dickey, 1975). Ti w ill be strongly p a rt it ­
ioned into the melt and F e '"  content w ill depend on the oxygen 
fugacity of the magma.
2) Temperature; spinels in equilibrium with s i l ic a te  melt and c lin o­
pyroxene become more chromian with increasing temperature, (Dickey and 
Yoder, 1972; O'Hara, 1973).
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f i g .  1.9 Chromite composit ional f i e l d s  o f  a lp ine  type complexes 
(podiform or o p h io l i t e  chromite deposit s)  and 
s t r a t i f o rm  type chromite deposi ts  (adapted from 
I r v in e ,  1967 and I rv ine  & F ind lay ,  1972)
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3) Bulk rock composition: the influence of bulk rock Cr : A1 ratio  on 
the composition of included spinel is  strong in simple systems (Dickey 
and Yoder, 1972) and many, though not a l l ,  aluminous chromites occur 
in plagioclase-bearing host rocks. The Mg : F e "  ratios of chromites 
are buffered by surrounding mafic s i l ic a te s ,  (Irvine, 1967).
1.4 Previous work on the Semail Ophiolite
The f i r s t  geological account of Oman was by Pilgrim (1908) who 
used the terms "Basic Igneous Series" and la te r  the "Semail Intrusive 
Series" for the ophiolites. Lees (1928) renamed them the "Semail 
Igneous Series" as he identif ied  extrusives within the sequence. He 
also recognised the allochthonous nature of the sequence, coined the 
term "Semail Nappe", subdivided the rock types within the series and 
put these in order o f outcrop importance as serpentine, gabbro and 
d io r ite ,  a l l  of which are penetrated by minor intrustions.
No particu lar advance occurred in the study of the ophiolite and 
in particu lar the basal peridotite unit until the 1960's. Reinhardt 
(1969) recognised the ophiolite suite as a "polygenetic association of 
igneous and metamorphic rocks" wherein the basal peridotite member con­
sisted mainly of enstatite peridotite, formed 60% of the total volume 
and represented the oldest generation of the suite which was "possibly 
formed at an oceanic ridge". The environment of equilibration of these 
peridotites was calculated as high temperature (ca. 1400°C) and high 
pressure (10-20kb or 30-60km depth), (Peters, 1968).
Wilson (1969) also noted that the main body of the Semail Igneous 
Series was a peridotite and that layering "by crystal segregation" was 
common, the selective weathering of which gave the whole igneous body 
a bedded appearance. He proposed that the f ie ld  relations supported 
the interpretation that the Semail Igneous Series was extruded in a 
l iqu id  or viscous state. Internal layers were formed in a s im ilar  
manner to those in stratiform intrustions such as the Bushveld Complex 
whilst heat and l iq u id ity  were retained by a fast accumulating body at 
abyssal depths.
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Alleman and Peters (1973) supported Reinhardt's (1969) interpret­
ation of the ophiolite as possible oceanic lithosphere and added that 
i t  did not develop from a single magma reservoir but probably from a 
basaltic  magma generated more or less continuously from the mantle and 
that such a magma could be produced by partia l melting of a peridotite  
with p y ro l it ic ,  spinel lh e rz o l it ic  or garnet Ih erzo lit ic  composition 
leaving a residue of harzburgite and dunite. They observed that the 
basal peridotite of the ophiolite  consisted mostly of harzburgite with 
discontinuous dunite bands which sometimes contain stringers of tabular 
and pod-like chromitite bodies more or less para lle l to the upper 
contact with the gabbro. Cross cutting dykes of pyroxenite and gabbro 
were described without ch il led  margins and lherzo lites  as rare showing 
no overall pattern of occurrence. In deeper parts of the peridotite  
' la ye r in g ',  sometimes on a microscopic scale was thought by Alleman 
and Peters (1973) to be o f tectonic origin  due to overthrusting at the 
base of the Semail Nappe. They calculated equilibration  temperatures 
for the peridotites, using Boyd and Schairer's (1964) and O'Hara's 
(1967) methods, of between 1000°C and 1250°C, lower values than those 
proposed by Reinhardt (1969).
Glennie et al (1973) recognised changes in P, T, pH20 and p02 for  
each unit of the ophiolite and the marked s im ila r ity  to models developed 
for spreading oceanic ridges and part of the underlying upper mantle.
The major processes proposed for ophiolite formation were:
1) Partial melting of upper mantle rocks at re la t ive ly  shallow 
depths (30-50km) as a result of depressurization and/or a ris ing  
geothermal gradient.
2) Separation of mafic melt from refractory residue, the la tte r  
being a 4-phase peridotite (ol-opx-cpx, A l-sp), the barren or burned- 
out peridotite of O'Hara (1967).
3) Upward flow of melt combined with fractional c rysta ll iza tion  
leading to differentiation  of mostly mafic igneous rocks (chromitite, 
layered peridotites, and gabbros and diabase), with
4) extrusion and so l id if ic a t io n  of the magma at the surface to 
produce basalts.
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Glennie et al (1974) support most of the observations made by 
Peters (1968), Reinhardt (1969) and Allemann and Peters (1973).
They add that sudden compositional variations are observed at the top 
of the basal peridotite formation above a poorly defined level 200m 
or so below the contact with the overlying cumulate sequence where 
dunitic rocks are prevalent occasionally containing accumulations of 
chromite which bear textures suggesting crysta ll iza tion  from a melt. 
Large accumulations o f chromite had only been observed in the north of 
the mountains and were aligned more or less paralle l to the upper 
contact within this dunitic zone. They lis ted  chromite occurrences 
using Peters (1968) subdivisions:
1) Stringers of tabular and pod-like bodies more or less parallel 
to the gabbro contact usually massive in the basal part and showing 
a gradational transition to almost chromite-free peridotite above.
2) Lens-shaped bodies of massive ore with long axes paralle l to the 
stringers mentioned above with the contact with host rocks often 
faulted but with re l ics  of the gradual transition to peridotites  
occasionally preserved.
3) Single crystals (0.1-lmm dia .)  or small clusters of chromite d is­
seminated through the peridotite.
4) Dykes of chromite cutting through peridotites and having sharp 
contacts which are usually associated with some other types of deposit.
Carney and Welland (1974) divided the chromitite bodies in Oman 
into podiform, stratiform, and banded types although i t  seems that the 
f i r s t  two terms were used sensu lato to describe paralle l sided or pod­
like  appearance in the f ie ld  rather than to divide them into genetic 
types. They described apparent graded bedding in the deposits suggest­
ing an origin by crystal accumulation but added that overprinting had 
taken place possibly by a flow-layering (Thayer, 1963) and/or a meta-- 
morphic fabric . The origin of chromitite concentrations in peridotite, 
they suggest, could have been during an early phase of crystal accumul­
ation, possibly associated with mantle processes at a mid-ocean ridge 
system. The disruption into lenses and pods may well have been con­
sequent upon la ter  tectonic emplacement of the ophiolite.
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1.5 The present study
Following the comprehensive documentation, over the last  decade, 
of the s im ila r ity  between ophiolites and oceanic lithosphere i t  is  
assumed that the Oman ophiolite was formed by sea-floor spreading.
This work investigates upper mantle processes in this framework rather 
than to further demonstrate the s im ila r ity .  As the Oman ophiolite  
possesses the largest expanse of onland oceanic upper mantle known at 
present i t  offers one of the best opportunities for studies of this  
kind. At the onset of this work the following main points presented 
themselves for further investigation:
1) I f  the harzburgite sequence was homogeneous or displayed abundant 
mineralogical or chemical layering, and i f  so how was this related to 
primary magmatic or la ter  tectonic events?
2) Were there any remnants of primary mantle litho log ies ( i .e .  
Iherzolites) within the sequence or any partia l melt textures or 
trapped melts within the harzburgites?
3) What position do dunite bodies assume within the sequence and what 
form do they take?
4) What is  the nature of the dykes that cross-cut the harzburgite 
sequence and are they genetically related to the ir  host rocks?
5) What forms do massive podiform chromite deposits take, where do 
they occur within the sequence, what are the ir  host rocks and how do 
they relate to the overall genesis of the sequence?
6) What do the textures in the chromitites represent? Are they 
primary magmatic structures and i f  so can they help to explain the 
concentration of chromite into massive bodies? What textures are 
modified or solely due to la te r  tectonic processes?
7) Does the chemistry of the chromite suggest a residual or 
cumulate orig in , are there any systematic spatial chemical variation  
and i f  so how is  i t  explained?
All these detailed points are directed at a further understanding 
of the processes of formation of the tectonised sequence of p erid ot it ic  
rocks that underlie the main cumulate series of an ophiolite complex
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and, in particu lar to the genesis of the chromite concentrations there­
in . Associated questions of d irect economic importance are:
8) Are the chromite deposits of economic size and grade, what are the 
possible reserves and are there any other economic minerals associated 
with them?
9) Can further exploration areas be suggested from the d istribution  
of known deposits and do any useful exploration methods arise from 
th is  study?
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CHAPTER TWO Geology of the Oman Ophiolite
2.1 Introduction
The Semail Nappe consists almost entire ly  of egneous rocks and 
is  up to 14km thick. The igneous rocks present conform in both the ir  
composition and structure to the Penrose (1972) definition of an 
ophiolite (see Appendix 1.2). The main rock units in descending order 
are: a thin carapace of pelagic sediments overlying pillow lavas, a 
sheeted dyke section, plagiogranites and high-level gabbros, cumulate 
gabbros and peridotites with tectonised harzburgite containing dunite 
and chromitite at the base (see f ig s .  2.1 and 2.2). Due to the 
s im ila r it ies  in petrological and seismic properties with the rocks of 
present day ocean floors this sequence of rocks is  generally thought to 
represent ancient oceanic lithosphere formed at a foss il  constructive 
plate margin (see Appendix 1.2). The lowermost of the above-named 
units i s ,  in the framework of the oceanic lithosphere model, assumed to 
be a fragment of the uppermost mantle and is  commonly termed the 
'mantle sequence' (Allen, 1975; Malpas, 1978; Smewing, 1980a), a term 
that w ill  forthwith be used here.
The Mantle Sequence is  the main concern of this thesis and w ill 
be described in terms of the petrography and geochemistry of i t s  
constituent rock types but f i r s t ,  to set the scene, this chapter 
contains a b r ie f  description of the f ie ld  relations of the Oman 
ophiolite.
2.2 The Crustal Sequence 
Ophiolite sediments:
These consist of pelagic, sometimes metalliferous, sediments 
which overlie and are intercalated with lava flows. The main 
lithologies are red haematitic shales, ferromanganoan mudstones 
(umbers) and grey laminated limestones which may be up to 20m in 
thickness (Fleet and Robertson, 1980). Radiolaria from these semiments 
give Cenomanian-Turonian ages (Tippet et a l ,  1981).
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The extrusives :
The extrusive rocks are mostly pillowed but do include sheet 
flows, flow breccias and hyaloclastites and are intruded by dykes 
and s i l l s .  The extrusives are divided into 3 d ist inct  d ivision on 
the basis of primary and secondary mineralogies.
The lowermost unit, named the Geotimes Unit (Alabaster et a l ,
1980), is  consistently present in the ophiolite sequence throughout 
Oman. It consists of interlayered pillows and structureless flows of 
aphyric basalt hydrothermally altered to greenschist facies. The 
pillows are large (1 - 2m), grey-brown, and poorly vesicular, whilst 
the sheet flows commonly show columnar jo inting. Due to the gradational 
contact and s im ila r ity  in composition and metamorphism of the Geotimes 
Unit with the underlying dyke swarm they are thought to be co-magmatic; 
both being part of the oceanic crust produced at a constructive plate 
margin.
In certain areas the Geotimes Unit is  unconformably overlain by 
a series o f lavas varying in composition from p ic r ite  basalts through 
basalts and andesites to rhyolites and obsidian. The stratigraphy of 
these lavas varies along the length of the ophiolite and discrete 
eruptive centres, about 20-30km apart, have been recognised by 
Alabaster et al (1980). Within these areas the upper lavas can be 
divided into two types: a lower unit, metamorphosed to greenschist 
facies which is termed the Lasail Unit a fter the type lo ca lity  and an 
upper type, metamorphosed to zeolite fac ies, called the Alley Unit.
Both units contain rock series from basalt to rhyolite but p ic r ite  
basalt is  restricted to the Alley Unit. Massive sulphide deposts can 
occur within these eruptive centres strat i graphically between the Geo­
times Unit and Lasail Unit. An example of this can be seen at the 
type area for the la tte r  unit where the largest known massive sulphide 
deposit in Oman is situated. Discordant mafic and ultramafic plutons 
and dykes occurring in the upper crustal levels o f the ophiolite  
represent the magma chambers and feeder dykes associated with the 
upper lavas ( f ig . 2.2). i|'
The sheeted dyke complex :
The lowermost part o f the Geotimes Unit contains basic dykes
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which increase in abundance downwards until within 100-200m no lava is  
present. Most of the dykes are aphyric, greenish-grey in colour and 
composed of a greenschist facies metamorphic assemblage which has re­
placed but not destroyed original sub-ophitic basic igneous texture.
No directional fabric is  present. At the base of the sequence dykes 
have been metamorphosed under amphibolite facies conditions. The 
dykes may possess two, one or no ch il led  margins and are mostly aligned 
north-south throughout the northern part of the ophiolite  but str ike  at 
120° between Wadi Hatta and Wadi Zabin (see f i g . 2.1) in a possible 
transform fau lt  zone (Smewing, 1980 (a) ). The lower boundary of the 
sheeted dykes with the plutonic rocks beneath is  also gradational. Due 
to the complex intrusive relationships of the high level plutonic 
series any member may appear subjacent to the dykes.
The high level intrusive assemblage:
This rock assemblage varies from a few metres to 200m thickness 
of a variety of litho log ies: o liv ine  and pyroxene gabbros with primary 
and secondary hornblende, ferrogabbros rich in magnetite, d io rites ,  
quartz d io rites , tonalites and plagiogranites. The most abundant 
litho log ies are the coarse grained plagiogranites and gabbros varying 
from microgabbro to pegmatitic variet ies . The intermediate and acid ic  
members of the assemblage tend to occur higher in the sequence. A ll  
rocks have been hydrothermally metamorphosed to upper greenschist/lower 
amphibolite facies. The mode of occurrence of the high level intrusives 
varies from diffuse patches a few metres across in host cumulate or dyke 
rocks to discrete intrusions which may reach 100m in thickness and a km. 
or so across. Xenoliths from the host dyke swarm are common and have 
undergone varying amounts of magmatic resorption. The lower boundary
of the high level intrusives is  also gradational. Here the underlying
layered cumulate rocks merge upwards over a few metres into isotropic  
gabbros of the high level assemblage. The high level series rocks are 
commonly cross-cut by basaltic dykes which are rare in the underlying 
cumulates, suggesting that the high level intrusives formed at the roof 
of a magma chamber, possibly by underplating, whilst a melt precipitated  
cumulates below this roof and fed dykes and extrusives above i t .
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The cumulates:
The cumulates are comprised of a thick unit of gabbros and peri-  
dotites exhibiting phase layering, planar crystal orientation and 
intercumulus growth. The maximum thickness in the northern part of 
the ophiolite is  about 3|km, but thicknesses of up to 6Jkm have been 
reported by Hopson and Pal1is t e r (1981) in the south. The cumulate 
phase layers generally have planar boundaries and mostly lack structures 
attributed to magma currents from steep magma chamber walls that are 
seen in many cumulate stratiform complexes. The most important texture 
is  adcumulate suggesting a slow cumulate build-up, again contrasting 
with continental stratiform complexes where orthocumulates are more 
common being due to rapid build-up trapping intercumulus liqu ids.  
Cumulate layers are generally impersistant along strike  such that 
sections through the cumulates vary considerably. Rhythmic repetition  
of sequences comprised of ultramafic cumulates (dunites, wehrlites and 
clinopyroxenites) followed by mafic cumulates (oliv ine gabbros and 
pyroxene gabbros) occurs within the cumulates with o liv ine  persisting  
in basal layers to high levels. This implies that patterns of 
fractional c rysta ll iza tion  of magma have been repeated for each unit.
Hydrothermal alteration is  evident in the uppermost Jkm of the 
cumulate sequence where gabbro is  replaced by aggregates of hornblende, 
intermediate plagioclase, epidote and sulphides and, deeper in the 
cumulates, jo ints  and fractures contain amphibolite assemblages 
(Smewing, 1980 (b) ). The lower cumulates appear to be mainly free 
of hydrothermal alteration but 6018 data has shown that pervasive sub­
solidus exchange with circu lating sea-water has taken place to within 
2km of the base of the cumulates (Gregory and Taylor, 1981).
The base of the cumulate sequence is  a sharp contact where 
structures in the underlying mantle sequence are truncated. In other 
ophiolite complexes this contact has been termed the 'petrological 
moho1, (e.g. Cann, 1969; Gass and Smewing, 1973; and Mai pas, 1978), 
where i t  is envisaged that crustal magmatic rocks are underlain by 
rocks of the mantle sequence that are believed to be the so lid  residue 
from partial melting.
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2.3 The Mantle Sequence
The rocks of the mantle sequence are composed of six primary 
so lid  solution minerals: o l iv in e , orthopyroxene, clinopyroxene, 
chromite and more rarely plagioclase felspar and amphibole. These 
primary phases have been altered to secondary assemblages of l iz a rd ite ,  
chrysotile, antigorite, various iron oxides, amphiboles, chlorite  and 
carbonates. Alteration is present in a ll  samples and in some cases is  
to ta l.  The rocks are c lass if ied  in terms of the ir  primary mineral­
ogies (Appendix 1).
The mantle sequence consists of 85-95% Harzburgite with associ­
ated minor cpx harzburgites and lherzolites and (15-5%) dunite which is  
gradational through chromitiferous dunite and oliv ine chromitite with 
chromitite which forms < 1%. These rocks are invariably coarse grained 
with maximum grain dimensions varying from 2mm to 50mm.
Harzburgite
The harzburgite is  composed of o liv ine and orthopyroxene in 
approximately 80:20 proportions. Chromite is  a constant accessory 
mineral varying from 0.5 to just over 1% of the mode and clinopyroxene 
may be present as up to 9% of the mode (see table 3.1), which makes the 
rock nominally a Iherzolite.
In the f ie ld  the harzburgite appears mainly brown due to weathering 
of o liv ine with conspicuous greenish grey orthopyroxene and black chromite. 
The weathering only persists a centimetre or two in from the:surface and 
fresh harzburgite is  dark green. Throughout the mantle sequence the 
harzburgite has a fo lia t ion  defined by the planar orientation of ortho­
pyroxenes and chromites (see plate 2.1). Mineral orientation may also 
define a lineation on the fo lia t io n  surfaces. The fo lia t io n  appears to 
increase in intensity downwards until at the base of the mantle sequence 
chromites are flattened in the plane of fo lia t io n .
i
Although the harzburgites are homogeneous on a gross scale a ratio  
segregation into more dunitic and more pyroxenitic layers is  common.
The layers are invariably paralle l to the fo lia t io n  and usually less than 
3cm thick (plate 2.2). A d ifferent scale of harzburgite/dunite layering 
is  prevalent in the lower part of the mantle sequence where layers are up
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Plate 2.
Plate 2.
Foliation in harzburgite defined by 
planar orientation of orthopyroxenes 
and chromites.
Orthopyroxene rich segregation 
layers in harzburgite.
Plate 2.3 Harzburgite/dunite layering.
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to 30cm or so thick (plate 2.3). Where these two styles of layers 
occur together (plate 2.4) they are readily distinguishable.
As well as being interlayered with dunite, the harzburgite is  also 
cross-cut by dunite bodies of various shapes and s izes, described in the 
following section.
Dunite
The dunite in the Oman mantle sequence consists almost entire ly  of 
o liv ine , now more or less altered to serpentine minerals with accessory 
chromite usually forming 1-2% of the mode. Chromite concentrations 
only occur within dunite. A ll  gradations ex ist  between dunite, 
chromitiferous dunite, o liv ine  chromitite and chromitite. Clinopyroxene 
is  occasionally present as oikocrysts enclosing o liv ine  grains (plate 2.5) 
The weathering of dunite produces a smooth brown surface lacking the 
green tinge induced by orthopyroxene in harzburgites, and harzburgite and 
dunite are easily  distinguishable when seen together. Chromite grains 
are conspicuous on weathered dunite surfaces. Various cross-cutting  
dunite bodies include lenses, dykes and more irregular shaped masses at 
least some of which interrupt the pervasive harzburgite fo l ia t io n .
Their regularity and concordance with the metamorphic fabric of the 
host harzburgite increases downwards through the sequence.
In the uppermost part of the mantle sequence duniter bodies may 
be very irregular anastamosing through and apparently enclosing blocks of 
the harzburgite (plate 2.6), and have been described by Neary and Brown 
(1979) as an ' irregu la r  mix'. Straight sided dykes of dunite up to 
30cm thick and discordant to the fo lia t io n  also occur in the upper parts 
of the sequence (plate 2.7). Harzburgite bordering these dykes is  often 
enriched in orthopyroxene (plate 2.8). In the middle parts of the 
sequence where the fo lia t io n  is  more intense and harzburgite/dunite 
layers are more common, irregular and anastamosing dykes of dunite often 
occur cross cutting the layers and the fo lia t io n  (plate 2.9). Through­
out the mantle sequence lenses of dunite occur varying in size from a 
metre or so to 500m long. They a ll  bear concentrations of chromite 
invariably parallel to the long axis of the lens and varying from 
single grain layers to massive seams of chromitite. The grains of 
chromite in the dunite lenses are generally larger than accessory
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Plate 2.4
Plate 2.5
■ Plate 2.6
Harzburgite/dunite layering and orthopyroxene 
rich segregation layers.
Oikocryst of clinopyroxene in dunite layer. 
Layering is parallel but clinopyroxenë crystal 
is  discordant to the fo lia t io n  in the enclosing 
harzburgite.
Irregular mix.of harzburgite and dunite. 
Dunite bodies anastamose through and often 
enclose blocks of harzburgite.
pi 2.5
«
pi 2.6
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P late  2.7
P la te  2.8
Plate 2.9
S t ra igh t ,  sharp sided dyke o f  dunite 
d iscordant to the f o l i a t i o n  in  the 
host harzburg ite .
Orthopyroxene enriched harzburg ite  adjacent 
to the margin o f  a dunite dyke. Both dunite 
dyke and orthopyroxene segregat ions are cut 
by a l a t e r  dunite dyke.
Harzburg ite/dunite layer ing  (dunite I) 
c ross-cut  by i r r e g u la r  anastamosing 
dunite dykes (dunite I I ) .
pi 2.8
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chromites in surrounding harzburg ite .  One o f  the la rge s t  dunite lenses 
found so fa r  i s  the Sudi dunite body (p la te  2.10) s i tua ted  close to the 
base of the o ph io l i t e  near al Juwayf (Appendix 2) and contain ing several 
chromite concentrat ions cons is t ing  o f  o l i v i n e  chromit i te  and chromit i te  
layers up to 5cm th ick  that d isp lay  occluded s i l i c a t e  and chromite net 
textures (Thayer 1969, and tab le  7.7 th i s  th e s i s ) .  Chromit ite  sometimes 
occurs w i th in  dunite in te r - la ye red  with harzburg ite (p la te  2.11) where 
i t  often forms s t r ing s  o f  i s o la ted  pods a few centimetres long rather 
than a continuous layer  as in the dunite lenses.
Chromit i te
Chromit ites cons is t  o f  over 90% chromite with i n t e r s t i t i a l  
s i l i c a t e s ;  usua l ly  o l i v i n e  or i t s  a l t e r a t io n  products but c l i n o -  & ortho­
pyroxene, amphibole and p lag ioc lase  fe l spa r  a lso  occur. Chromit ites 
appear black to brown on weathered surfaces.  The brown co loura t ion  i s  
due to ‘ desert  v a rn i sh ' ,  a very th in  coat o f  secondary i ron ox ides,  and 
obscures co lour d i f fe rences  between rock types in a l l  places except 
water-worn surfaces.
As described above, chromite grains  are sometimes concentrated in 
dunite bodies and a l l  gradations between pure dunite and near ly  pure 
chromit i te  occur. Chromit ite  bodies show a large va r ia t ion  in s ize  and 
form. In the lower part o f  the mantle sequence they are o f  l im i ted  
s i ze  ( c . f .  the centimetre scale layers in the Sudi dunite,  and the pods 
in dunite layers:  p la te  2.11). Larger pods than those in p la te  2.11 do 
occur in dunite layers  (e.g. in Wadi Rayy, p la te  2.12) and the s ize  o f  
chromit i te  bodies increases up through the sequence un t i l  ind iv idua l  
pods may reach up to 15m in thickness and 40-50m long. Also chrom it i te -  
r i ch  zones cons is t ing  o f  groups o f  pods can be 500m across.  . The la rgest  
known such zone or deposit o f  chromite in  Oman i s  the Maharah 1 deposit in 
the Wadi Rajmi d i s t r i c t  (p la te  2.13). The deposi t i s  composed o f  pods 
resembling the shape o f  the small chromit i te  pods o f  Wadi Rayy (p la te  2.12). 
The large pods o f  the Maharah 1 deposit and many s im i l a r ,  smal le r ,  
deposits cons is t  o f  o l i v i n e  chromit i te  or 'massive' chromit i te  with 
l i t t l e  or no s i l i c a t e  matr ix. These are in e v i t a b ly  surrounded by an 
envelope or halo o f  dunite varying from a few centimetres to a few metres 
th ick  but not necessa r i ly  re la ted  to the s ize  of  the chromit i te  body.
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Plate 2.10 Sudi dunite body orientated along the plane 
of the strong harzburgite fo lia t io n  near 
the base of the Semai 1 Nappe near A1 Juwayf.
Plate 2.11 Chromitite layers and small 'pods' in- 
a dunite layer. A ll layering is parallel 
to the fo lia t io n  in the enclosing harzburgite.
- Plate 2.12 Pods and layers of massive chromitite in 
a dunite layer. Layers are paralle l to 
the fo lia t io n  in the enclosing harzburgite. •
■ 4
pi 2.12
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Shearing is  common between the chromitite pods and the ir  dunite hosts and 
the pods often have marginal serpentine f i l l e d  shear zones a few centi­
metres across. The dunite envelopes surrounding the chromitite pods 
often contain small centimetre scale layers and lenses of chromitite which 
suggest that prior to the formation of the marginal shears the chromitite 
pods interdigitated with their  dunite hosts. Some of the layers can s t i l l  
be traced back into the pods where marginal shearing is  less intense.
In the Farfar 2 chromite deposit (Appendix 2) just  beneath the 
cumulate sequence, cross laminations of fine chromitite and dunite layers 
can be seen between a large chromitite layer above and a dunite layer 
below (plate 2.14), and at the base of the upper chromitite are structures 
resembling load casts where dome-like protrusions of dunite extend up into 
the chromitite with flame-like downward extensions of chromitite around 
the ir  margins (plate 2.15). Much lower in the sequence in Wadi A1 Ainah 
(plate 2.16) a l l  gradations from dunite to chromitite are displayed in 
one exposure as well as occluded s i l ic a te  texture and ovoid aggregates of 
chromite grains which may be an incip ient nodular texture and in Wadi Rajmi 
( lo ca lity  - Appendix 2) graded bedding of chromite crystals  and 'h a r r is i t ic '  
growth of o liv ine  can be observed (plate 2.17).
The Mantle Sequence Upper Boundary or 'Petrologic Moho'
The contact between the tectonized ultramafic rocks and the over- 
lying layered mafic or ultramafic rocks of the cumulate sequence is  
here termed the petrological moho. No ch illed  margins have been 
observed along this contact and xenoliths of mantle sequence rocks are 
common in the lowermost part of the cumulates where they interrupt the 
cumulate layering. The type of cumulate d ire ct ly  overlying the mantle 
sequence varies la te ra l ly .  In many places plagioclase-bearing rocks 
l i e  d irectly  above the mantle sequence. A typical example is  at Rajmi 
in Wadi Maharah (Appendix 2) where cumulate gabbros overlie  tectonite  
harzburgite. Here shearing at the contact has introduced a strong 
lineation into the cumulate layering. Also in this area gabbro s i l l s  
2 - 3  metres th ick, bearing layers apparently s im ilar to those in the 
cumulates, l i e  paralle l to the moho about 10m below i t  and small gabbro 
dykes 5cm or so thick cut through the mantle sequence and moho and then 
become less d is t in ct  as they merge into gabbro cumulates (plate 2.18). 
Commonly, brecciation of the harzburgite has taken place at the moho
Plate
Plate
Plate
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.13 Large pods of massive chromitite in 
the largest known deposit, Maharah 1, 
near Rajmi. Photo is  taken from 
about 0.5 kr.i away
.14 Cross-laminations of fine chromitite and 
dunite layers between a chromitite layer 
above and a dunite layer below.
Farfar 2 chromite deposit
.15 Possible load structures in the Farfar 2 
chromite deposit. Dome-like protrusions 
of dunite extend up into an overlying 
chromitite layer

- 42 -
PTate 2.16 Chromite deposi t in  Wadi A1 Ainah composed 
of  discontinuous layer ing  o f  c l i rom it i te  and 
dunite with large volumes o f  dunite occluded 
in chrom it i te .  Deposit a lso  exh ib i t s  gradational  
margins between dunite and chrom it i te ,  f in e  
occluded s i l i c a t e  s t ruc ture  and c lu s te r  texture,  
described in Chapter 4.
P la te  2.17 H a r r i s i t i c  o l i v in e s :  large to o th - l i k e  c r y s ta l s  
o f  o l i v i n e  protrude from a dunite layer  in to 
an i r r e gu la r  ch rom it i te  layer .
P la te  2.13 The ¡ lantle Sequence-Cumulate Sequence
boundary or pe t ro log ica l  moho. A small dyke 
o f  gabbro cuts the Mantle Sequence harzburgi te 
and merges in to  tiie gabbro layer  above the 
moho'.
• 1- 
M t
r
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and invasion by gabbro has produced a net veined system (plate 2.19).
In other areas (e.g. Farfar and Ath Thuqbah: see Appendix 2) up 
to 100m of u ltramatic rocks, dominantly dunite with in t e r iayered cpx- 
dunite and wehrlite, form the basal cumulate layer (plate 2.20). In 
many cases these basal dunite layers are lensoid and appear to occupy 
depressions in the surface of the underlying harzburgite.
Mantle Sequence Lower Boundary: Base of the Semai 1 Nappe
The mantle sequence is underlain, across a thrust contact, by the 
Haybi Complex (Searle, 1980) the uppermost unit of which is a loca lly  
developed tectonic mélange of pervasively fo liated  blocks or s lices of 
amphibolites and greenschists in a matrix of serpentine. In places 
where the tectonic mélange is fu l ly  developed, upper amphibolite facies 
rocks occur d irectly  beneath the ophiolite and metamorphic rocks of 
progressively lower grade are found at successively lower levels.
Where the mélange is  not developed the ophiolite d irectly  overlies the 
'Exotic' limestones and Haybi volcanic rocks. A fu l l  sequence from 
ophiolite down across the thrust contact, through the tectonic mélange 
and into the Haybi volcanics and limestone exotic blocks is  i l lu stra ted  
in plate 2.21.
The lowermost 50-100m of the mantle sequence consists of harzburg- 
ites and dunites often separated by cataclastic  or mylonitic shear zones 
that are parallel to the base of the nappe. Dunites and harzburgites 
are interlayered on centimetre and larger scales. As with the mylonite 
zones this layering is  paralle l to the thrust contact and gives the zone 
a conspicuous striped appearance. Searle (1980) terms this the Banded 
Unit (plate 2.22).
2.4 Mafic and Ultramafic Dykes
The mantle sequence is  cross-cut by numerous dykes with sharp 
unchilled margins. The dykes have varied primary mineral assemblages 
consisting of combinations of one, two or three phases from o liv ine ,  
orthopyroxene, e l i  nopyroxene, plagioclase felspar and hornblende with 
chromite or chromian spinel sometimes present as an accessory mineral. 
Plagioclase is  absent from dykes at the base of the sequencé but 
becomes more abundant upwards through the sequence. In the upper and
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Plate 2.19 Brecciated harzburgite at the Mantle 
Sequence-Cumulate Sequence boundary with 
net veining of gabbro.
Plate 2.20 Basal layer of 'cumulate' dunite above 
the Mantle Sequence-Cumulate Sequence 
boundary or 'petrological moho'.
Plate 2.21 Base of the Semai 1 Nappe passing down from 
mylonitised. harzburgite (Banded Unit) in the 
east, through a tectonic mélange with a 
serpentine matrix, into the Haybi Complex 
containing large blocks of 'exotic ' limestone 
and volcanic rocks in the west. A ll  units 
are bounded by thrust fau lts .
pi 2.20
w E
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Plate 2.22 The Banded Unit: interlayered dunite
and harzburgite containing mylonite zones 
at the base of the Senail Nappe.
Plate 2.23 Small dyke of pyroxenite in harzburgite 
fragmented by b r it t le  fracture.
. Plate 2.24 Pyroxenite dyke in harzburgite showing
ptygmatic folding with extreme thickening 
of fo ld noses and attenuation of fo ld limbs.
pi 2.22
pi 2.23
pi 2.24
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middle parts of the sequence the dykes are straight sided, truncate 
a ll  mantle sequence rocks and are only affected by la ter b r it t le  
deformation (plate 2.23). Deformation of the dykes increases in 
towards the base of the sequence and in the lowermost 2-3km dykes 
are folded, often ptygmatically (plate 2.24) or almost iso c l in a lly  
and may be boudinaged (plate 2.25).
Ultramafic dykes are found mainly in the lower and middle parts 
of the sequence although they do occur throughout. They are usually 
between 5 and 30cm wide, the main rock types being coarse grained 
(< 6cm) orthopyroxenite, websterite and oliv ine websterite, and fine 
grained prophyritic p ic r ite .
Mafic dykes are restricted to the middle and upper parts of the 
mantle sequence and are also common intrusions in the cumulate sequence. 
They are usually between 5 and 50cm thick, the ir  grain size varies from 
micro-gabbroic to pegmatitic and composition from o liv ine  gabbros and 
tro c to lite s ,  through one and two pyroxene to hornblende gabbros. In 
some cases multiple intrusion has occurred with la ter  usually more 
feldspathic dykes intruded either down the centre or at one margin of 
the previous dyke (plate 2.26).
Some mafic dykes possess a planar phase layering paralle l to 
their margins (plate 2.27) very s im ilar in appearance to phase layering 
in the cumulate sequence. Coarse grained (< 4mm) irregular leucocratic 
patches composed mainly of feldspar cross-cut the layering within the 
dykes but do not cross the margins of the dyke. Comb textures are 
common in the mafic dykes, especially in the coarse pegmatitic 
varieties, where crystals of hornblende up to 3cm long have grown in ­
wards from the dyke margins. "
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Plate 2.25 Tight almost isoclina l folding of 
pyroxenite dykes showing fold axes 
parallel with harzburgite fo lia t io n  
and extreme attenuation/boudinage of 
fold limbs.
Plate 2.25 Compound dyke composed of coarse 
grained tro c to lite  (upper part) and 
leucocratic gabbro containing large 
diopside phenocrysts (lower part).
Plate 2.27 Layered dyke cutting harzburgite. Dyke 
layers are mostly paralle l to margins 
varying from tro c to l ite ,  through gabbro, 
to anorthosite. An irregular coarser 
grained lens of leucogabbro cross-cuts 
dyke layers but not dyke margins.
pi 2.25
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CHAPTER THREE Harzburgite
3.1 Introduction
Harzburgites form 80 to 95% of the Oman mantle sequence and 
consist mainly of o liv ine  and orthopyroxene in the ratio  of about 
80:20 although considerable variations may occur due to the ratio  phase 
layering i l lu stra ted  in plate 2.2. Chromite occurs as a constant 
accessory at 0.5 to 1% and clinopyroxene may be present forming up to 
9% of the mode. Two samples out of 80 studied contain over 5% c lin o ­
pyroxene and are s t r ic t ly  Iherzo lites. Modal analyses of 15 harzburg­
ite  and 2 Iherzolite samples are presented in table 3.1. A ll  mineral' 
phases in the Oman harzburgite have suffered a lteration  to some degree. 
The primary phases are described in sections 3.2 to 3.4 inclusive.
The optical and chemical properties of the ir  a lteration  products are 
described in chapter 6.
3.2 Mineral optical properties
Olivine
All o liv ine  in the Oman harzburgite is  highly magnesian and 
o p tica lly  positive ( i .e .  > Fo87). Recrysta llization is  common with 
two grain types present: i)  Porphyroclasts? or r e l i c t  original grains 
(plate 3.1) are large (up to 10mm), irregu la rly  shaped, with curved or 
serrated boundaries where they interlock with surrounding grains. They 
are often elongate with length/width ratios o f up to 7/1 and long axes 
mutually p a ra lle l .  Extinction of porphyroclasts is  undulose indicating  
that la tt ic e  strain  has taken place. Subgrains and deformation 
lamellae paralle l to (100) are sometimes present giving grains a patchy 
or striped appearance in cross polarised l ig h t ,  (plates 3.2 and 3.3). 
i i )  Neoblasts? or recrysta llized  grains (plate 3.4) of o liv ine  are 
smaller than the porphyroclasts, usually in the range 0.1 to 1.0mm, and 
have straight to curvi-1inear margins with equant polygonal shapes and 
t r ip le  points between grains with 120° margin intersections. The 
grains have normal extinction and lack sub-grains or internal deform­
ation structures. *
* For explanation of the use of these terms see appendix 1.1
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HARZBURGITES
Sample No. 2320 2342 4063 4065 4048 4064A 4080A 4165
Olivine 74.4 92.6 80.3 78.1 68.4 65.9 87.1 80.6
Enstatite 24.4 6.9 19.2 18.4 30.1 32.9 12.4 18.9
TOo Diopside 0.2 - - 0.8 1.2 • _
Chromite 1.0 0.5 0.5 2.7 0.3 1.2 0.5 0.4
HARZBURGITES
Sample No. 4167 6609 6616 6622 40 75A 4136 4091A
AVERAGE
HZB.M0DE
s s Olivine 89.5 86.7 83.3 76.3 68.0 84.8 84.3 . 80.0 ■
rd
nO
Enstatite 8.9 12.8 16.1 22.1 31.5 14.1 14.7 18.9
O
S Diopside 0 . 1 - - 1.3 - - 0.2
Chromi te 1.5 0.5 0.6 0^ 3 0.5 1.1 1 . 0 0.9
LHERZOLITES
Sample No. 4032A 2315
Olivine 63.7 76.0ss
r - Enstatite 29.0 14.9fd"Oo Diopside 5.4 8.8
Chromite 1.8 0.3
Harzburgite and lherzolites modal analyses 
(1000 counts)
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Plate 3.1
Plate 3.2
Plate 3.3
Porphyroclast of o liv ine  with irregular  
embayed margins.
XPL
fov = 3mm
Porphyroclast of o liv ine showing 
patchy extinction. Grain is  crossed 
by veins of l iza rd ite .
XPL
fov = 3mm
Porphyroclast of o liv ine  with striped  
extinction due to deformation lamellae 
parallel to (100). Grain is  crossed 
by veins of l iz a rd ite .  .
XPL
fov = 3mm
pi 3.3
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Orthopyroxene
All orthopyroxene in the Oman harzburgite is  enstatite. It is 
colourless, non-pleochroic and has straight extinction, high r e l ie f  and 
an optica lly  positive interference figure with a large axial angle.
Like o l iv in e , some enstatite grains have been recrysta llised  and two 
grain types can be distinguished. i)  Porphyroclasts of enstatite  
are large (up to 12mm) and may be tabulate (plate 3.5), elongate (plate 
3.6), irregular or 'retort shaped' (Basu 1977, see plate 3.7 and f ig .  
3.1). Porphyroclast grain boundaries are both curved and serrated, the 
la tte r  having interlocking projections with o liv ine  porphyroclasts. 
Cleavage in orthopyroxene porphyroclasts is often d is t in c t ly  curved and 
extinction is  undulose (see plate 3.5). Sub-grains are often present, 
sometimes divided by kink-bands across which the cleavage of the sub­
grains change in orientation (see plate 3.8). Clinopyroxene 
exsolution lamellae, as thin parallel sided sheets or flattened blebs 
parallel to 100, are ubiquitous in enstatite porphyroclasts. The 
parallel sided lamellae are always deformed and can be curved or kinked 
(plate 3.9). Most of the blobs also are deformed but some appear to 
transgress deformation features such as kink-bands and therefore are 
post-deformational (plate 3.10). i i )  Neoblasts of enstatite (plate 
3.11) occur in clusters as straight sided polygonal grains with 120° 
margin intersections. They are smaller than the porphyroclasts and 
are usually l-2mm across with straight cleavage, normal extinction, and 
no exsolution lamellae.
Clinopyroxene
Clinopyroxene in the Oman harzburgite occurs as rare, ragged sub 
to anhedral grains (up to 2mm) often with orthopyroxene exsolution 
lamellae. Strain features are sim ilar to those in orthopyroxene with 
curved cleavages, exsolution lamellae and undulose extinction. Re- 
crysta ll isa tio n  of clinopyroxene porphyroclasts is  evident in some 
specimens where they are replaced by aggregates of small (up to 5mm) 
straight sided, strain free grains.
Chromite
Chromite occurs as small (< 1mm) grains in the Oman harzburgite,
-52-
f ig .  3.1 Development of retort shape 
in orthopyroxene by a simple 
shear model 
(from Basu, 1977)
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Plate 3.4
Plate 3.5
Plate 3.6
Straight sided, unstrained neoblasts of 
o liv ine . 120° grain t r ip le  boundaries 
are common. Grains have been altered  
marginally to l iz a rd ite .
XPL
fov = 3mm
Tabulate porphyroclast of enstatite with 
curved exsolution lamellae of diopside.
XPL
fov = 3mm
Elongate porphyroclast of enstatite with 
curved and kinked exsolution lamellae of 
diopside
XPL
fov = 3mm
pi 3.5
pi 3.6
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P late  3.7
P la te  3.8
Plate 3.9
Retort shaped porphyroc last of 
e n s ta t i t e  with kink band a f fe c t ing  
d iops ide exso lu t ion  lamel lae and cleavage. 
Exso lu t ion blebs o f  d iops ide are located at 
kink-band boundaries
XPL
fov = 3mm
Kink band in  e n s ta t i t e  porphyroc last 
showing de f le c t ion  o f  cleavage.
XPL
fov = 1mm
Exso lu t ion lamel lae o f  d iops ide curved 
across a subgrain boundary in  an 
en s ta t i t e  porphyroc last .
XPL
fov = 1mm
pi 3.9
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Plate 3.10 Exsolution blebs of diopside cross­
cutting a kink band at subgrain margin 
in enstatite porphyroclast.
XPL
fov = 3mm
Plate 3.11 Neoblasts of unstrained enstatite with 
straight sides and frequent 120° t r ip le  
grain boundaries.
XPL
fov = 3mm
Plate 3.12 'Graphic' exsolved chromite in 
grain of enstatite.
PPL
fov = 3mm
pi 3 . 1 1
pi 3.12
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and varies in  colour (in plane polarised light) from deep red in 
clinopyroxene-free harzburgites to straw yellow in cpx-harzburgites 
and lherzo lite . The chromite grains occur in three main habits: 
i)  exsolved lamellae in enstatite (plate 3.12), i i )  sub to anhedral, 
sometimes vermicular, grains at enstatite/olivine grain contacts often 
with oliv ine and enstatite inclusions (plate 3.13), i i i )  sub to 
anhedral grains in linear strings sub-parallel to long axes of enstatite  
and o liv ine grains, i . e .  the tectonic fabric of the harzburgite (plate 
3.14). These chromite grains may be 'tadpole-shaped' (Talkington and 
Malpas, 1980) possessing t a i l - l ik e  extensions (plate 3.15) or 'h o lly -  
lea f' type (Mercier and Nicolas, 1975, see plate 3.16).
. Chromite grains in the Oman harzburgite show evidence of b r it t le  
fracture, most prominently as sets of "pull-apart" cracks (Thayer, 1960) 
(plate 3.17) and secondly as s livers  of chromite which appear to have 
been separated from the margins o f grains (plate 3.18).
3.3 Rock textures
The main textural elements in the Oman harzburgite are summarised 
in f ig .  3.2. These are schematic drawings not taken from any p a rt ic ­
ular rock samples and elements A, B and C can be recognised in most 
sections.
Type 'A' in f ig .  3.2 is  characterised by lobate and cuspate grain 
boundaries which are thought to be due to resorption or dissolution- 
reprecipitation creep (Spry, 1969). The la tte r  process could be 
fa c il i ta te d  by melt present during deformation acting as a medium 
for dissolution at the pressure points formed by impinging grain 
boundaries and for re-precipitation in areas where grains do not impinge 
(Dick, 1977). Type 'A' therefore could be interpreted as a partia l 
melting texture.
Type ' B' in f ig .  3.2 is  dominated by elongate, mutually sub­
p a ra lle l ,  porphyroclasts of oliv ine with sub-grains, orthopyroxene with 
curved cleavages, exsolution lamellae and blebs in cleavage and kink- 
bands and chromite aligned in the fo lia t io n  at oliv ine intergranular
- 57 -
Plate 3.13 Subhedral rounded chromite grains 
at enstatite/olivine grain boundary
XPL
fov = 2mm
Plate 3.14 Linear string of anhedral chromite 
grains in strongly fo liated (highly 
altered) harzburgite.
PPL
fov = 6mm
Plate 3.15 Tadpole shaped chromite porphyroclast 
PPL
fov = 2mm
pi 3.15
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Plate 3.16 Holly leaf shaped chromite porphyroclast. 
PPL
fov = 2mm
Plate 3.17 Chromite grain crossed by 'pu ll-apart' 
cracks.
PPL
fov = 2mm
Plate 3.18 Chromite grains with 'pu ll-apart' crack 
(LH grain) and marginal s l iv e r  (arrowed) 
separated from (RH) chromite grain in 
serpentine f i l l e d  fracture.

- 5 9 -
0 1 2  3 
I------ 1------ 1---- _l
mm
Schematic drawings of the dominant textures present in the 
Oman harzburgites.
A Lobate and cuspate grains with interlocks. Vermicular 
spinel common at opx/ol boundaries.
B Elongate strained porphyroclasts of o l iv in e  with deformation 
lamellae and sub-grains, orthopyroxene with curved cleavage and 
exsolution lamellae and exsolution blebs in kink bands, and chromite 
grains aligned with fo lia t io n  at o liv ine  intergranular s ite s .
C Polygonal stra in  free grains (neoblasts) of o l iv in e  and to a 
lesser extent orthopyroxene, with 120 degree grain margin in te r­
sections.
Elements of A, B and C can be recognised in most thin-sections.
f ig .  3.2 Textural elements, in Oman harzburgites
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sites . It is  in the orthopyroxene porphyroclasts that exsolution blebs 
can be seen to be kink controlled. Post-kink exsolution may occur 
demonstrating that deformation took place at elevated temperatures.
Type ' C' in f i g . 3.2 consists of neoblasts of o liv ine  and ortho­
pyroxene, usually strain free with 120° grain margin intersections.
This texture is  due to a high temperature sta tic  recrysta llisation  of 
porphyroclasts and is  mostly post-deformational (Type ' B' deformation) 
although some neoblasts do show s light elongation alignment and signs 
of stress.
A fourth textural type, of limited occurrence, consists of much 
smaller, granulated and extensively altered grains in mylonitic shear 
zones found only in the 'banded unit' near the base (lowermost 50 - 
100m) of the Semail Nappe. This is  due to lower temperature deform­
ation associated with the emplacement of the oph io lite , (Searle, 1980).
There are various systems of nomenclature for mantle tectonite  
rock textures based on studies of ultramafic upper mantle xenoliths, 
(Mercier and Nicolas, 1975; Pike and Schwarzmann 1977; Basu, 1977). 
The most appropriate terms from these c lass if ica tio ns  for the textural 
elements observed in the Oman harzburgite are shown in table 3.3. It 
is  stressed that the textures observed in any one sample of the Oman 
harzburgite are composed of a mixture of these textural elements 
indicating a complex history of deformation and recrysta llization  and 
i t  would be inappropriate to f i t  them into any one of these categories 
which are, in any case, intergradational.
1
Petrofabric studies of the Oman harzburgite have been carried out 
by Christensen and Smewing (1980) and Boudier and Coleman (1981).
These studies show that two successive deformations are imprinted in 
the harzburgite sequence, confirming the conclusions from f ie ld  
evidence (2.3). F i r s t ly  a high temperature, low-stress deformation 
has affected the whole mantle sequence. High temperatures are 
inferred from several c r i te r ia :  i)  The activated s lip -g lid in g  systems 
in o liv ine  (010) |100| and {okl}|100| are indicative of temperatures 
above 950°C in the pressure range 5-10 kbar, (Carter and Ave Lallement, 
1970; Nicolas et a l , 1980); i i )  the recrysta llization  of
enstatite and o liv ine are intense shown by sharp sub-boundaries
l
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and polygonal crystal shapes (Nicolasand Poirer, 1976); i i i )  at least 
part of the deformation took place under peridotite sub-solidus or 
even hypersolidus conditions. Stress conditions estimated from micro- 
structural parameters such as neoblast size and sub-boundary spacings 
(Nicolas, 1978) using experimental calibrations (Post, 1973 and 
Mercier, 1976) vary from 250 to 375 bars for the high temperature 
deformation (Boudier and Coleman, 1980). The second deformation
has obliterated the f i r s t  in the lower part of the sequence where the 
activation of the low temperature (< 950°C) s l ip  system (110) [001| in 
harzburgite o liv ine  and parallel structures in the amphibolites and 
quartzites d irectly  beneath the ophiolite  suggest that this deformation 
occurred under amphibolite facies metamorphic conditions (Boudier and 
Coleman, 1980). Microstructures are indicative of high stress (> 1500 
bars) for this second deformation (Nicolas et a l , 1980). Strain  
related to this deformation is particu larly  high in the lower 500m 
where i t  is  concentrated in mylonite bands but occurs as much as 2km 
higher where close-spaced microstructures in the o liv ine  are indicative  
of rapid attenuation of strain .
Boudier and Coleman (1980) have deduced the kinematics of p lastic  
flow from the structures and fabrics measured in the Oman harzburgite. 
The flow plane is  approximated by the fo lia t ion  and the flow line  by 
the spinel lineation (Nicolas et a l ,  1973) and the sense of shear from 
relative orientations of fo lia t io n  or flow plane and of lineation or 
flow lin e . The sense of shear shows that during the high temperature 
deformation the upper part of the sequence was displaced north­
eastwards relative  to the lower part and that this shear flow was 
responsible for isoclinal folding of pyroxenite dykes (plate 2.24) and 
phase ratio layering (plate 2.2). The sense of shear in the high 
stress deformation overprinted on the lowest part of the harzburgite 
sequence indicates that the upper part of the sequence is displaced 
westwards relative  to the lower part.
3.4 Harzburgite mineral chemistry
The variations in composition of mineral grains from 42 harzburg­
ite  samples are presented in table 3.3. (Details of sample prepar­
ation and analytical procedure are contained in appendix 3.1). The
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s i l ic a te  minerals (o liv ine , orthopyroxene and clinopyroxene) are highly 
magnesian and restricted in composition. The oxide minerals (chromite 
and chrome spinel) on the other hand show much larger compositional 
variations. Most chemical parameters in these minerals reach con­
siderable percentages of the overall variation in one thin section 
(table 3.3), i . e .  over a distance of about 2cm.
Olivine
The composition of o liv ine  from the Oman harzburgite is compared 
with the composition of oliv ines from i) alpine type or ophiolite  
tectonite peridotites, i i )  ultramafic upper mantle nodules, and i i i )  
ultramafic portions of layered intrusive complexes in table 3.4. The 
oliv ine  in the Oman harzburgite is highly magnesian and has a restricted  
compositional range.
The Mg/Mg+Fe ratios of o liv ine  from the Oman harzburgite are 
plotted against their NiO Wt% contents in f i g . 3.3. There appears to 
be no correlation within the limited compositional ranges. Most (86%) 
of harzburgite o liv ine  grains sampled in the Oman harzburgite contain 
between .40 and .44 Wt% NiO.
Orthopyroxene
Orthopyroxene compositions from the Oman harzburgite are plotted in 
the pyroxene quadrilateral in f i g . 3.4 and compared with those from other 
ophiolites and layered complexes. Most enstatite compositions from the 
Oman and other ophiolite harzburgite sequences l ie  between the start of 
the layered complex orthopyroxene trend (Boyd and Schairer, 1964), and 
Mg-rich compositions on the En-Fs jo in  and define the 'Alpine-Enstatite  
trend' (Dick, 1977). A few enstatite grains from the Oman harzburgite 
contain over 5% CaSi03, amounts usually only encountered in ortho­
pyroxenes with FeSi03 contents of over 28% in 1 atm. systems (Boyd and 
Schairer, 1964). The A1203 contents of enstatite grains from the Oman 
harzburgite are plotted against the ir  Mg/Mg+Fe ratios and 
compared with enstatite compositions from other ophiolite harzburgite 
sequences in f i g . 3.5. There is  an overall trend of decreasing 
A1203 with increasing Mg/Mg+Fe values as defined by enstatite composit­
ions from several ophiolite harzburgite sequences. No one single  
lo ca lity  defines the trend due to the limited compositional ranges in 
each.
-65-
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f '9 .  3.
(Mg/Mg&Fe)ol
Mg/Mg+Fe x NiO? Wt% of o liv ine  grains from Oman harzburgite. 
Bars adjacent to axes show maximum variation found in one 
thin section. The Mg/Mg+Fe ratios o f the o liv ines show 
no correlation with th e ir  NiO2 content. The variation of 
both in one thin section is a considerable proportion of 
the overall variation. The majority of o liv in e  grains in 
the Oman harzburgite (86%) contain between 0.40 and 0.44 
Wt% Ni02 inclusive.
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f i g .  3.4 Enlarged sec t ions  o f  the pyroxene q u ad r i l a t e r a l  showing 
e a s t a t i t e  compositions from the Oman harzburg i te  (squares 
in centra l diagram) and from harzburg i te  sequences o f  
7 o ph io l i t e s  and 9 mantle nodules from k im be r l i t e s .
The en t i r e  pyroxene quad r i l a t e r a l  i s  shown above with 
composit ional evo lu t ion  trends from layered complexes 
f o r  comparison. The Oman harzburg i te  e n s t a t i t e  
composit ions f a l l  mainly between the s t a r t  o f  the 
' laye red '  orthopyroxene trend and Mg r i c h  compositions 
near the En-Fs j o in .  E n s ta t i t e  from other o p h io l i t e s  
and mantle nodules also p lo t  in  t h i s  area forming the 
'a lp in e  e n s t a t i t e  trend'  (D ick,  1977). 5 analysed
e n s ta t i t e  gra ins  conta in over 5% CaSi0 3 , compositions 
only usua l ly  encountered in orthopyroxenes with FeSiCL 
contents o f  over 28% (see layered trend).
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•  O m an  h a r z b u rg ita
O  L iz a r d  •
•  Joaaphina
■  D u rro  m ou n ta in
it T ro o d o s  
■ft R a d  m ou n ta in  
a  P a r ld o t lt a  n o d u laa  
A  O re g o n  C o a a t
f i g .  3.5 En s ta t i t e  Mg/Mg+Fe x Wt% AI0O3 in  the Oman harzburg i te ,
6 o ther o p h io l i t e s  and mantte nodules. There i s  a c l e a r  
trend o f  decreas ing A12^3 increase in Mg/Mg+Fe
r a t i o s .
2 1 CaFeSi^ Og
f i g .  3.6 P lo t  o f  coex is t ing  e n s ta t i t e  and d iops ide in Oman cpx-
harzburg i tes .  The most Ca poor e n s t a t i t e  does not always 
occur with the most Ca r i ch  d iops ide.  The pyroxene 
so lvus geothermometer i s  in app l i c ab le  in t h i s  case 
(Chapter 7.1).
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C1i nopyroxene
The compositions o f  diops ide grains  from the Oman harzburg ite 
are p lo tted in the pyroxene quad r i la te ra l  in f i g . 3 .6 and jo ined by 
t i e  l in e s  to assoc iated en s ta t i t e  composit ions. The most d iop s id ic  
cl inopyroxenes are not always associated with the most e n s t a t i t i c  ortho­
pyroxene as would be expected from phase e q u i l i b r i a  s tud ies.
Chromi te
The compositions o f  chromites (and chrome sp ine l )  from the Oman 
harzburg ite are p lo t ted in pro ject ions o f  Stevens' (1944) spine l prism 
in f i g . 3.7. The pro ject ions c l e a r l y  show that the main compositional 
v a r ia t io n  in the chromite i s  in  the Cr/Cr+Al r a t i o  at low le ve ls  o f  Fe"\ 
There i s  a negative co r re la t ion  between Cr/Cr+Al and Mg/Mg+Fe" o f  
chromite with Cr-Al exchange exceeding the Mg-Fe" sub s t i tu t ion  by more 
than 2:1 on an atom f o r  atom comparison. The Oman harzburg ite  chromite 
compositions f a l l  w i th in  the compositional f i e l d  fo r  chromites from 
Alp ine type p e r ido t i t e s  ( I rv ine ,  1965). Chromite, un l ike  the assoc iated 
s i l i c a t e s ,  has a la rge r  range of  s o l i d  so lu t ion  in a lp ine  type pe r ido t i t e s  
than in  any other t e r r e s t r i a l  rock type. I t  must be noted that  the 
I rv ine A lp ine  type p e r id o t i t e  f i e l d  contains chromite compositions from 
dunite and chrom it i te  also but the compositions from the Oman harzburg­
i t e  cover a large proport ion o f  the compositional f i e l d .  The f i e l d  o f  
composition fo r  sp ine ls  from pe r id o t i t e  nodules ( I rv ine  and F ind lay ,
1972) shows s im i l a r  compositions at the A1 r i ch  end o f  the A lp ine type 
f i e l d .  The f i e l d s  o f  composition fo r  s t ra t i f o rm  in t rus ions  show a 
fa r  more r e s t r i c t e d  range in  Cr-Al s ub s t i tu t ion  but a la rge r  range in 
Fe contents. MnO and T i0 2 contents o f  accessory chromites from the 
Oman harzburg ite are shown in f i g s . 3 .8 and 3.9, both occur at low
le ve l s .  MnO shows a negative co r re la t ion  with (Mg/Mg+Fe")sp which may
2+ 2 +
represent sub s t i tu t ion  o f  Mn fo r  Fe in the sp inel l a t t i c e  (Dick,
1977). T i0 2 shows no co r re la t ion  with (Cr/Cr+Al)sp w i th in  th is  
r e s t r i c t e d  range o f  T i0 2 contents.
3.5 Covariance o f  harzburg ite mineral chemistry
The covariance o f  various compositional parameters in harzburg ite 
o l i v i n e ,  orthopyroxene and sp inel i s  shown in  f i g . 3.10. The Mg/Mg+Fe
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f i g .  3.7 Composit ions o f  accessory chromite from the Oman harzburg ite 
p lo t ted  in Steven's (1944) sp inel pr ism. The analyses f a l l  
w i th in  the a lp ine  p e r id o t i t e  f i e l d  ( I rv ine  & F ind lay ,  1972). 
Chromites from mantle nodules have s im i l a r  to more A1 r ich  
composit ions. The main compositional v a r ia t io n  i s  in the 
Cr/Cr and A1 r a t io  with a concomitant s l i g h t  increase in 
Mg/Mg+Fe" r a t i o  with decrease in Cr/Cr and A1 r a t io .
A l l  chromites from the Oman harzburg ite have low Fe'" 
contents.  Compositional f i e l d s  shown are a lp ine  type 
( la rge r )  and mantle nodule chromite in upper l e f t  diagram 
and a lp ine  type chromite in  upper r i g h t  diagram (from 
Irv ine  1967 and Irv ine & F ind lay ,  1972).
I
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f i g .  3
f i g .  3.
0.8r
a.(0
CNi
o 0.4 p
£%
0.4
% (Cr/Cr&AI)sp
0.8
8 TiO2 x Cr/Cr and A1 ra t io s  in  Oman
harzburg i te  accessory chromites.
MnO Wt.% x Mg/Mg and Fe r a t io s  in  Oman 
harzburg i te  accessory chromites. There 
i s  an approximate negative co r re la t i o n  
suggesting tha t  Mn2+ fo l lows Fe2+ in  the 
sp ine l l a t t i c e .
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<wt% AI,0,)op» (C r/C r A O .p
f i  g. 3.10 Covariance diagrams of o liv in e , orthopyroxene and chromite 
chemistry with modal orthopyroxene content of the Oman 
harzburgite.
A (Mg/Mg+Fe)ol x (Mg/Mg+Fe)opx. These ratios show a 
positive correlation and together approximate the 
Mg/Mg+Fe variations of the whole rock.
B (Cr/Cr+Al)sp x (Wt% A^C^opx. These parameters show 
a negative correlation. Variation represents bulk rock 
AI0O3 variation as pyroxene and chromite bear a ll  A1?(K 
in harzburgite.
C (Mg/Mg+Fe)ol x (Cr/Cr+Al)sp. There is  no correlation  
between these parameters within the limited compositional 
ranges encountered.
D (Mg/Mg+Fe)ol x (Mg/Mg+Fe)sp. As above there is  no co rre l­
ation between the compositions of o liv ine and chromite.
E *'Bulk rock' AI2O3 x (Wt% A^ i^ opx. There is  a positive  
correlation between these two compositional parameters.
F *'Bulk rock' AI2O3 x (Cr/Cr+Al)sp. There is  a negative 
correlation between these two compositional parameters.
(* 'Bulk rock' analyses are synthetic - calculated from mineral 
and modal analyses).
•»<
I
1
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ratios of oliv ine and orthopyroxene have a positive correlation ( f ig .  
3.10A) and the variation represents variation in bulk rock Mg/Mg+Fe 
ratio since the s i l ica te s  make up >99% of the rock. The Cr/Cr+Al 
ratio of spinel has a positive correlation with Al203 Wt% in enstatite  
( f ig .  3.10B) again representing bulk rock variations as spinel and 
pyroxene contain a l l  the A1203 in harzburgite. The Mg/Mg+Fe and 
(Cr/Cr+Al) ratios in spinel are plotted against Mg/Mg+Fe ratio in 
oliv ine in f ig .  3 .IOC and D and show no apparent correlation. Thus 
the Mg/Mg+Fe of spinel in the Oman harzburgite depends on the Cr/Cr+Al 
ratio of the spinel ( f ig .  3.7) rather than the Mg/Mg+Fe ratios of 
associated s i l ic a te s .
The relations of aluminium contents of orthopyroxene and spinel 
to the bulk rock A1203 contents (calculated from modal and microprobe 
analyses of pyroxene and spinel) are shown in f ig .  3.10E and F. Both 
orthopyroxene and spinel A1203 contents show a positive correlation  
with bulk rock A1203 contents, demonstrating that the primary influence 
on A1203 content of orthopyroxene is  bulk-rock chemistry and not 
pressure (see Chapter 7.1).
3.6 Spatial variations in harzburgite mineral chemistry
Investigation of the spatial variation in the Oman harzburgite 
mineral chemistry has been by means of analysis of samples from two 
traverses from the top to the base o f the mantle sequence. The 
relationship between chemical composition of the harzburgite minerals 
and relative horizons within the sequence was examined. Sample 
locations are shown in f ig s .  3.11 and 3.12. The lim itation of this  
investigation of spatial variation are twofold:- 1 ) there is  no 
l itho log ica l control on horizon as there is  in cumulate sequences, 
and 2) there is  no lateral control on the chemistry at each particu lar  
horizon due to sampling limited by a cc e ss ib il ity .
The chemistry of harzburgite minerals from 27 samples across a 
harzburgite outcrop width of 19km, between W.Rajmi in the east and 
W.Rayy in the west, are plotted in f i g . 3.13 against distance across the 
outcrop. The diagram shows the correlations between mineral composit­
ions seen in f ig .  3.10. The (Cr/Cr+Al)sp ratio  varies most between 
samples and least within samples (Mg/Mg+Fe)sp and (A1 203 Wt%)QpX have
-74-
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f ig .  3.12 Sample locations on the 
Bani Kharus harzburgite 
traverse.
f ig .  3.11 Sample locations on the 
Rayy-Rajmi harzburgite 
traverse.
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Spatial variation in harzburgite mineral chemistry : 
Rayy-Rajmi Traverse
f i g .  3.13 Chemical compositons o f  o l i v i n e ,  orthopyroxene and chromite 
p lo t ted  aga inst  distance from the upper boundary o f  the 
mantle sequence. Data i s  from 27 samples c o l l e c t ed  across 
a 19 km wide outcrop of  the Oman harzburg i te .  There i s  no 
simple r e la t io n sh ip  between mineral chemistry and "depth" 
w i th in  the sequence.
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good negative correlations with (Cr/Cr+Al)ap. The Mg/Mg+Fe ratios of 
orthopyroxene and oliv ine appear to have a positive correlation with 
(Cr/Cr+Al)sp on the extreme values in f ig .  3.11 and the lack of 
correlation in f ig .  3.10 between these parameters is due to the small 
ranges of variation of the s i l ic a te  minerals and the occurrence of 
large percentages of these variations within single samples.
In the Rayy-Rajmi section ( f i g . 3.13) there is  a tendency for the 
(Cr/Cr+Al)sp ratio  to increase with "depth" over in terva ls , i . e .  4169- 
4165, 6622-6617, 6615-6609 and 4035-4048. The two samples at the 
base of the sequence are comparitively alumina-rich. I f  the two 
limitations mentioned above did not apply and each trend was defined 
by more points then these patterns could be interpreted as cryptic  
chemical variation in the harzburgite. Due to the lim itations, how­
ever, such an interpretation could not be s t a t is t ic a l ly  substantiated . 
and the p ro f ile  in f i g . 3. 1 1  may represent the random d istribution of  
harzburgites with varying bulk rock AhOs contents. Those rocks with 
higher AI2O3 also tend to be s l ig h t ly  enriched in FeO.
The Wadi Bani Kharus section ( f i g . 3.14) shows the variation of 
harzburgite mineral chemistry in 11 samples from a mantle sequence 
outcrop width of 13km. The chemical parameters show the same co- 
variance as in the Rayy-Rajmi section and s im ila r ly  there is  no simple 
correlation between mineral chemistry and depth. The chemical p rofiles  
on the composition x distance across outcrop plots bear no s im ila r ity  
between the two sections and although they are quite a distance apart 
(appendix 2) and there is  a difference in thickness between them, 
this lends weight to the conclusion that the p rofiles  represent random 
variations in bulk rock AI2O3 and FeO contents.
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f i g .  3.14 Wadi Bani Kharus.harzburg ite  t raverse .
Chemical composit ions o f  o l i v i n e ,  orthopyroxene and chromite 
p lo t ted  aga inst d is tance from the upper boundary o f  the 
mantle sequence. Data i s  from 11 samples co l l e c t ed  across 
a 13km wide outcrop o f  the Oman harzburg i te .  There i s  no 
simple re la t ion sh ip  between mineral chemistry and "depth". 
Po ints  represent 3 analyses f o r  each mineral in  each 
sample.
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CHAPTER FOUR Dunite and Chrotnitite
4.1 Introduction
Dunite is the most abundant rock type after harzburgite in the 
Oman mantle sequence and constitutes the remaining 5-15%. (These 
figures are visual estimates of re lative  abundances from various areas 
of the mantle sequence outcrop). Chromite is  always present in dunite 
usually as an accessory forming some 2% of ttie mode but concentrations 
of chromite occur and a ll  gradations between end memoers dunite and 
chromitite are observed (table 4.1). In the lower parts of the mantle 
sequence, chromitite contains only in te rs t it ia l  o liv ine and dunite is  
clinopyroxene free. Towards the top of the mantle sequence dunite is  
more frequently clinopyroxene bearing and chromitites frequently contain 
in te rs t it ia l  clinopyroxene or amphibole and, more rarely, orthopyroxene 
and plagioclase feldspar.
4.2 Rock textures
/
Primary Igneous Textures
Dunite and chromitite in the Oman mantle sequence bear primary 
igneous textures s im ilar to those in the overlying 'cumulate sequence' 
(Smewing, 1979), other Alpine peridotites ( c . f .  Thayer, 1969) and 
stratiform intrusions (Jackson, 1961; Wager et a l ,  1960), which have 
been interpreted as being due to gravity settling  of crystals in a 
f lu id  magma. The textures in the Oman dunite/chromitites are here 
described under a series of headings from the most o liv ine  rich to the 
most chromite rich rock types. The c lass if ica t io n  of Wager et al 
(1960) is  retained for descriptive purposes but no genetic process is  
inferred at this stage. The genesis of these dunite/chromitite 
textures is  dealt with in Chapter 7.
Olivine adcumulates; Dunite bodies in the Oman mantle sequence are *•
dominantly o liv ine  adcumulates with mainly sub->hedral chromites forming 
2% of the mode at intercumulus s ites . Clinopyroxene may be present in
• I
small amounts (< 4%) as small irregular grains at intercumulus sites  
(plate 4.1) resembling textures in o liv ine adcumulates in the over- 
lying cumulate sequence (plate 4.2) and more rarely as large oikocrysts 
p o ik i l i t i c a l ly  enclosing o liv ine grains (plate 2.5).
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Plate 4.1
Plate 4.2
Plate 4.
Mantle sequence dunite. Photomicrograph 
Mag x 50 PPL
Cumulus o liv ine  (lighter coloured, now serpentinised) 
with irregular shaped intercumulus clinopyroxene 
(darker coloured) and chromite (opaque).
Cumulate sequence dunite. Photomicrograph 
Mag x 50 PPL
This demonstrates the s im ila r ity  between cumulate 
sequence and mantle sequence (pi. 4.1) dunite. 
Cumulus o liv ine  is bordered by irregular shaped 
intercumulus clinopyroxene and chromite.
H a rr is it ic  o l iv in e . Photo of large thin section. 
Scale bar = 1cm
These large crystals of o l iv in e  ( l ig h t  colour) are 
essentia lly  one single grain although deformation 
has induced the formation o f sub-grains (seen in XPL). 
The large o liv ine  grains are surrounded by successive 
zones of chromitite, o liv ine  chromitite and 
chromitiferous dunite and contain linear 's tr in g s '  
of included chromite paralle l to the ir  long axes.
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H a r r i s i t i c  cumulates: Large c r y s ta l s  o f  o l i v i n e  up to 4-5cm long 
pro ject  up from near the base of  a dunite body in Wadi Rajmi (p la te  
2.17, p la te  4.3 and appendix 2). They resemble the 'type ' h a r r i s -  
i t i c  cumulates of  the Rhum layered in t ru s ion  (Brown, 1956; Wadsworth, 
1958; Wager e t  a l ,  1960) in  t h e i r  elongate p a r a l l e l  growth perpendicu lar 
to the cumulate layer ing .  The Oman mantle sequence ' h a r r i s i t i c '  o l i v i n e  
c ry s ta ls  appear in  the f i e l d  to have success ive phase and s ize  graded 
layers o f  ch rom it i te ,  o l i v in e  chromit ite  and chromit i ferous dunite 
'draped' over them (p late  2.17). Some sect ions show however that  the 
phase va r ia t ions  are not in p lanar layers draped over an uneven surface 
but rather a zonat ion, around the ' h a r r i s i t i c '  o l i v i n e  c ry s ta ls  of  s h e l l s  
success ive ly  f i n e r  grained, poorer in  chromite and r i c h e r  in o l i v in e  
(p la te  4.4). The ' h a r r i s i t i c '  o l i v in e s  appear to have been the loc i  
fo r  the successive c r y s t a l l i z a t i o n  of these chrom ite /o l iv ine  layers .
One of  the ' h a r r i s i t i c '  o l i v in e  c r y s ta l s  has a core o f  o l i v i n e  chromit ite  
and i t s e l f  contains numerous i s o la ted  chromite grains (p la te  4.5).
These features suggest formation from a core or nucleus o f  zones of 
d i f f e r e n t  chrom ite /o l iv ine  ra t io s .  D i f f e r e n t i a l  outwards growth appears 
to have produced the large too th - l i k e  ' h a r r i s i t i c '  o l i v i n e  c r y s ta ls  which 
have in turn a f fected the morphology o f  ensuing concentr ic  layers .
Chromite net te x tu re : This texture,  defined by Thayer, 1969 cons is ts  
of  large rounded to ovoid s i l i c a t e  grains or aggregates of  gra ins ,  
genera l ly  in contact with each other,  surrounded by smal le r  sub-hedral 
chromites (p late  4 .6) .  Chromite net texture i s  the most common tex tu ra l  
va r ie ty  in chromit i ferous dunite in  the Oman mantle sequence. This 
texture has been described from s t ra t i f o rm  layered in t rus ions  and A lp ine 
type p e r ido t i t e s  or oph io l i t e  complexes (Jackson, 1961; Thayer, 1969; 
Mukherjee, 1969; Greenbaum, 1972) and has been in te rpre ted as being due 
to the s e t t l i n g  out from a magma of  s ing le  large o l i v i n e  grains or 
c lu s te rs  of  grains and the i n f i l l i n g  o f  i n t e r s t i c e s  by smal le r  chromite 
gra ins.
Occluded s i l i c a t e  tex tu re : This texture,  again defined by Thayer (1969) 
cons is ts  o f  i s o la ted  rounded to ovoid s i l i c a t e  grains or aggregates of  
grains in a matr ix of  chromit ite  (p late  4.7) and has also been described 
from s t ra t i fo rm  and oph io l i t e  complexes (see re fs ,  above). I t  i s  the
Plate 4.4
P la te  4.5
P la te  4.
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Concentr ic  chronn'te/o l iv ine zones around large 
o l i v i n e  c r y s t a l s .  Photo o f  po l i sned s lab.
Scale bar = lcrn.
The large o l i v i n e  c r y s ta l s  are more rounded and 
i r r e g u la r  in t h i s  specimen and le ss  l i k e  h a r r i s i t i c  
types. The concentr ic  zonation around the large 
c r y s ta l s  o f  success ive layers o f  ch rom i t i t e ,  o l i v i n e  
chrom it i te  and chromit i fe rous dunite and concomitant 
decrease in  chromite gra in  s i z e  are c l e a r l y  v i s i b l e .
H a r r i s i t i c  o l i v i n e  c r y s ta l  with core of  o l i v i n e  
chrom it i te .  Photo o f  po l i shed s lab .
Scale bar = 1cm.
The large o l i v i n e  c r y s ta l  contains numerous 
included chromite g ra ins ,  appears to be 'rooted ' 
in  o l i v i n e  ch rom it i te  and contains a core zone of 
o l i v i n e  ch rom it i te .  The margins o f  a l l  m inera l-  
og ica l zones are s l i g h t l y  d iv ided and then grade 
in to  each other.
Chromite net texture .  Photo o f  po l i shed s lab .  
Scale bar = 1cm.
Larger rounded to ovoid o l i v i n e  gra ins (now 
serpent in ised ,  white-grey) genera l ly  in  contact  
with each other are p a r t i a l l y  surrounded by 
smal le r  sub-hedral chromite gra ins  (b lack) .
pi 4.5
pi 4.6
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chromite-rich member of a continuous series with chromite net texture, 
the grain size of the chromite tending to increase with increasing 
chromite content. Occluded s i l ic a te  volumes in Oman chromitites do 
not solely consist of oliv ine but also contain chromite grains (plate 
4.8) that are invariably f in er  grained than those in the surrounding 
chromitite (plate 4.9).
Layered chromite: Phase and size graded chromitite/dunite layers 
occur in the Oman mantle sequence (plates 2.14, 2.16 and 4.10) with 
chromitite layers having a sharp basal margin with dunite and an upper 
gradational margin with dunite. Grain size of chromite tends to 
decrease upwards with increasing o liv ine  content. Fine grained 
s i l ic a te -r ic h  layers occur in chromitites in the Oman mantle sequence. 
These layers resemble the occluded s i l ic a te  texture in the drastic  
reduction in grain size compared with the host chromitite and may be 
due to coalescence of occluded s i l ic a te  volumes (plate 4.11). They 
may have a consistent grain size as in the last mentioned example or 
may be associated with larger o liv ine  grains (plate 4.12).
Cluster texture; This term is  suggested for agglomerations of 
chromite grains which may be irregular, rounded or ovoid, up to 1 cm 
or so in length, occurring in dunite bodies in the Oman mantle sequence. 
They coexist with chromitite layers with irregular margins up to a 
centimetre or so thick (plate 4.13).
Nodular texture; Nodular chromite has been described from many 
ophiolite complexes (e.g. Thayer, 1942; F l in t  et a l , 1948; Bilgrami, 
1963; Thayer, 1969 and Greenbaum, 1972) and has been variously known 
as leopard, grape, bean or shot ore. They are, according to Thayer 
(1969) a characteristic  of podiform chromite deposits. Well developed 
nodular texture appears to be rare in Oman and has so far only been 
found as wadi cobbles and boulders near Rajmi (appendix 2.2). The 
nodular texture in Oman consists of ovoid nodules of chromite varying 
from 0.5-3cm long consisting of what appears to be a continuous rounded 
grain of chromite (plate 4.14). Most nodules have an ovoid s i l ic a te  
rich core consisting almost entire ly  of oliv ine (or its  alteration  
products) varying between 0.3 and 0.7cm long. The matrix in between 
the nodules is  almost exclusively olivine although small amounts of
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Plate 4.7
Plate 4.8
Plate 4.
Occluded s i l ic a te  texture. Photo of 
polished slab.
Scale bar = 1cm.
Larger rounded to ovoid o liv ine  grains (now 
serpentinised, white-grey) generally not in 
contact with each other are contained in a 
matrix of smaller sub-hedral black chromite 
grains.
Occluded s i l ic a te  in chromitite. Photomicrograph. 
Mag x 10
The occluded s i l ic a te  volume consists of a 
tesselated array of straight to curv i- linear sided 
polygonal grains of o liv ine  and chromite in an 
approximate 2:1 ra t io .  This ratio  decreases 
outwards with increase in chromite grain size  
until o liv ine  occurs only as occasional rounded or 
negative crystal inclusions in  'massive1 chromitite.
Occluded s i l ic a te  in chromitite. Photo of 
polished slab.
Scale bar = 1cm.
The majority of the sample consists of coarsely 
granular 'massive' chromitite traversed by 'p u ll-  
apart' fractures, paralle l to scale bar, f i l l e d  
with serpentine minerals, and containing rounded 
to irregular inclusions of o liv ine  (now serpentinised, 
white to grey). The occluded s i l ic a te  in the top 
le f t  of the sample is  comprised of approximately 
1:1 ratio  of o liv ine  and chromite. A clear reduction 
in grain size of the chromite can be seen between the 
host chromitite and the occluded s i l ic a te .
pi 4.9
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Plate 4.10 Layered phase graded chromite. Photo of large 
thin section.
Scale bar = 1cm.
Olivine chromitite has a sharp, s l ig h t ly  undulating 
contact with underlying dunite. The oliv ine/  
chromite ratio  increases upwards grading from 
coarsely granular o liv ine  chronitite  to dunite with 
small sub to anhedral chromite (the la tte r  unit is  
not v is ib le  here but is s im ilar to the unit below 
the basal layer). The chromite grains show evidence 
of stretching paralle l to the layering in the ir  
elongate form and 'pull-apart' fractures roughly 
perpendicular to layering.
Plate 4.11 Fine grained s i l ic a te  rich layer in chromitite.
Photo of polished slab.
Scale bar = 1cm.
A continuous layer of o liv ine  and chromite in 
approximate 1:1 ratio  occurs in massive chromitite. 
This layer resembles the occluded s i l ic a t e  (plate 4.9) 
in 'massive chromitite.with greatly reduced chromite 
grain size  and a s l ig h t  'pinch and swell' in the 
layer margins suggests that layer formation might be 
due to the coalescing of. tv/o or more occluded 
s i l ic a te  ovoid volumes. 'Pu ll-apart' cracks in the 
massive chromitite are perpendicular to the layering 
and f i l l e d  mainly with serpentine minerals.
Plate 4.12 Fine grained o liv ine  chromitite layer with large 
occluded o liv ine  grains in massive chromitite.
Photo of polished slab.
Scale bar = 1cm.
Massive chromitite (black) at the margins of the sample 
grade into a f in e r  grained o liv ine  (grey-dark grey) 
chromitite which contains large irregular grains, or 
aggregates of grains, of o liv ine . 'Pu ll-apart' cracks 
f i l l e d  with serpentine (v/hite) in the 'massive' 
chromitite are perpendicular to the layering but 
become less systematic in more o liv ine  rich zones.
pi 4. 12
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Plate 4.13 Chromite 'c luster texture'. Photo of 
polished slab.
Scale bar = 1cm.
Irregular, rounded or ovoid clusters or agglomer­
ations of chromite grains (< 1cm) coexist and are 
aligned parallel with chromitite layers in a matrix 
dominantly of chromitiferous dunite.
Plate 4.14 Nodular chromite. Photo of polished slab.
The chromite nodules (black) are round, ovoid or 
cigar-shaped and consist of a single chromite grain 
with smooth generally un-pitted margins. Nodules 
commonly have a core of s i l ic a te  (grey) which is  
mainly o liv ine  and i t s  serpentine a lteration  products 
plus occasionally some clinopyroxene. The core
material is  indistinguishable both o p t ica lly  and 
chemically from the matrix between the nodules. The 
nodules appear to form a framework in the majority of 
specimens and contacts are common where nodules 
coalesce rather than become mutually flattened.
Where coalescence is  extensive, massive chromitite 
is  formed.
Plate 4.15 Insipient nodular chromite. Photo of polished 
slab.
Scale bar * 1cm.
Thin 'sh e lls '  of chromite surround o liv ine  cores and 
coexist with uncored nodules supported in a matrix 
of o liv in e . Most of the thin chromite 'sh e lls '  and 
nodules have smooth unpitted margins which suggest 
that this texture is  due to insip ient nodule 
formation rather than resorption of nodules. Some 
chromite 'sh e lls '  appear to have grown around the 
margins of rounded o liv ine  grains and may not to ta l ly  
enclose them.
pi 4.14
pi 4 .15
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clinopyroxene may occur. The nodules in most specimens appear to 
form a framework and contacts are common where coalescence rather than 
mutual flattening has taken place. This coalescence may be extensive 
where the nodules merge to form a so lid  mass of chromitite (plate 4.14) 
with very l i t t l e  in te rs t it ia l  s i l ic a te  material. Some chromite nodules 
in the Oman mantle sequence appear ill-formed (plate 4.15). This is  
probably due to insip ient formation of the nodules rather than 
resorption of the nodules by a host magma which would be expected to 
produce ragged nodules with pitted margins. The thin shells of these 
insip ient nodules resemble the shells of the 'o rb icu lar'*  chromites 
described by Greenbaum (1972) from the Troodos ophiolite although no 
multiple shelled 'orbicules' have been found in Oman. Nodules and 
orbicules are found in intimate association with dendritic chromite 
growths in Troodos, th is  again has not been seen in the Oman.
Massive chromitite: This term is  used here to describe chromitite 
consisting of large (< 5cm) irregular interlocking chromite grains with 
very l i t t l e  in te r s t it ia l  s i l ic a te  material (plate 4.16). It is  massive 
chromite which forms the bulk of the chromitite pods described in Chapter 
2. As the constituent grains of massive chromitite are interlocking and 
irregular i t  appears that granulation took place by b r i t t le  fracture of 
larger masses of almost pure chromitite. Evidence of original smaller 
crystals is  occasionally provided by euhedral crystal shapes projecting 
into in te r s t it ia l  s i l ica te s  from massive chromitite and nodular shapes 
can be detected in massive chromite (plate 4.17). These features 
suggest that both crystal accumulation with subsequent postcumulus 
overgrowth (Jackson, 1961) and coalescence of nodules (seen in plate 
4.13) may be contributory factors in the formation of massive chromitite.
Deformation textures
The primary igneous textures described above may bear evidence of 
modification by la ter  deformation. Cigar chaped occluded s i l ica te s  
(plate 4.18) are probably due to stretching of ovoid or spheroidal 
occluded s i l ic a te s .  Pull-apart cracks (Thayer, 1964) are sub-parallel 
features produced by b r it t le  fracture and extension of chromite, occur 
in the majority of chromite grains in the Oman mantle sequence, and are 
conspicuous in some massive chromitite samples (e.g. plate 4.10).
* 'Orbicular chromite' is  used to describe quite d ifferent textures 
in Thayer (1969) and Greenbaum (1972).
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Plate 4.16 Massive chromitite. Photo of polished slab.
Scale bar = 1cm.
Large irregular interlocking grains of chromite (black) 
are bordered by thin irregular veins of s i l ic a te  
materials (white) much of which are secondary a lte r ­
ation minerals occupying veins and fractures produced 
by granulation of the chromitite. The large chromite 
grains are re la t ive ly  featureless although some small 
rounded or negative crystal inclusions of o liv ine  and 
sometimes diopside occur. The inclusions are often 
aligned and may represent an or ig in a l,  smaller, 
constituent grain boundary. The margins of the large 
chromite grains are jagged, suggestive of granulation 
although part-euhedral chromite crystal shapes may be 
present extending into the in te rs t it ia l  s i l ic a te .
Plate 4.17 Nodular chromite in massive chromitite.
Reflected l ig h t  photomicrograph.
Mag x 50.
Nodules of chromite (grey) are mutually flattened at 
their margins and fora massive chromitite with very 
l i t t l e  s i l ic a te  in te r s t it ia l  material (dark grey to 
black). The grain margins seen c learly  in reflected  
l ig h t are not easily  distinguished in transmitted 
l ig h t  and the chromite .appears as 'massive' and 
featureless. At the centre of each nodule there is  a 
small grain of s i l ic a te  (black). Inclusions of 
s i l ic a te  may also occur nearer the margins of the nodules.
Plate 4.18 Cigar-shaped occluded s i l ic a te .  Photo of 
polished slab.
Scale bar * 1cm.
Occluded s i l ic a te  texture o r ig in a lly  comprised of 
spherical or ovoid s i l ic a te  r ich  volumes in a 
chromitite matrix have been stretched to produce 
cigar-shapes. The matrix surrounding the occluded 
s i l ica te s  is o liv ine  chromitite rather than massive 
chromitite which has suppressed the formation of 
'pu ll-apart' fractures.
pi 4.17
pi 4.18
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Where chromite grain boundaries are roughly para lle l with pull-apart 
features the intergranular space may be widened and subsequently f i l l e d  
with secondary mineral assemblages (e.g. plate 4.9). S ign if icantly  
the dominant set of pull-apart cracks in the Oman chromitite samples 
are consistently perpendicular to layering (e.g. plates 4.9 and 4.10).
The lineation defined by the long axes of the nodules in plate 4.18, 
however, are not perpendicular to the pull-apart cracks in the lineation, 
and therefore may be a primary magmatic feature due to sett ling  of 
nodules in a f lu id  magma or due to a high temperature p last ic  deformation 
prior  to the b r it t le  deformation which produced the pull-apart cracks.
Where dunite/chromitite bodies are cut by hydrothermal veins the 
s i l ic a te  minerals are altered to hydrous secondary mineral assemblages 
mainly involving serpentine, ch lor ite , brucite and ta lc .  Chromite 
reacts mainly by mechanical break-down on grains although a change in 
colour in thin section from deep red to opaque indicates an enrichment 
in Fe3+ due to oxidation.
4.3 Mineralogy and chemistry
Introduction
The variations in composition of mineral grains from 299 samples 
of mantle sequence dunite and chromitite are presented in table 4.2, 
(details of the sample preparation and analytical procedure are contained 
in appendix 3.1). Olivine in dunite/chromitite is  generally more 
highly magnesian than oliv ine in harzburgites in the Oman mantle sequence 
and has greater ranges in both Mg/Mg+Fe and Ni0% values. Chromite in 
mantle sequence dunite/chromitites has a s im ilar ly  large range of 
Cr/Cr+Al values as the chromite in the harzburgite but at generally 
higher levels of Cr/Cr+Al and Mg/Mg+Fe".
Olivine
Olivine in Oman mantle sequence dunite and chromitite has an 
op tica lly  positive interference figure ( i .e .  > Fo87) like  harzburgite 
oliv ine  but has a greater variation in composition from Fo 9 i , 5 to Fo96.3 
(table 4.2). This range extends to higher Mg/Mg+Fe values in o liv ine  
than have been previously reported in ophiolite  tectonites but is  s t i l l  
limited compared with the compositional range of o liv ine  in some 
layered in tru s io n s  (table 3.4). Olivine compositions in the Oman 
sequence dunite/chromitite suite are related to the ir  mode of occurence
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0 . 9 6  -  2 .2 1 0 . 4 1 32.8%
Table 4.2 Dunite + chromitite mineral chemistry
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(fig . 4.1A). Occluded o liv ine  and o liv ine  in primary inclusions in 
chromitite are richest in MgO and NiO. In te rs t it ia l  o liv ine  in 
chromitite and o liv ine  chromitite and then o liv ine  in chromitiferous 
dunite and dunite are successively poorer in MgO and NiO. With the 
greater variation in o liv ine  ilg/Mg+Fe values encountered within this  
suite a trend of decreasing .NiO with decreasing Ilg/Mg+Fe can be seen. 
Olivine compositions in cumulate dunite from the base of the cumulate 
sequence l ie  at the end of this trend, ( f ig .  4.1A). Analysis of 
oliv ine from paired samples of dunite and harzburgite are shown in 
f ig .  4 .IB. Samples were collected close together each side of the 
contact between dunite and harzburgite. The paired samples c learly  
show that o liv ine  in dunite has higher Mg/Mg+Fe ratios but lower Ni0% 
values than the o liv ine  in the adjacent sample of harzburgite. When 
dunite o liv ine  and harzburgite o liv ine  compositions are plotted as 
two groups however they show considerable overlap.
Pyroxene
Despite association with harzburgite that contains 20% ortho­
pyroxene, dunite in the Oman mantle sequence contains no orthopyroxene, 
and chromitites contain only small amounts as isolated in te rs t it ia l  
grains. The clinopyroxene present is  of d iopsidic composition 
(En70, Fs 2» Wo2$) (table 4.2). As the diopside is  highly magnesian 
and thus very low in iron i t  is  colourless and consequently non-pleochroic 
in plain polarised l ig h t .  The in te rs t it ia l  clinopyroxene in chromitite 
l ie s  at the Mg-rich end of an Fe enrichnient/Mg depletion trend involving 
clinopyroxene compositions from the Oman mantle sequence and cumulate 
sequence ( f ig .  4.2) and is of s im ilar composition to clinopyroxene in 
the harzburgite/Lherzolite samples.
Orthopyroxene in chromitite is colourless, non pleochroic and 
probably of s im ilar composition to the enstatite in the surrounding 
harzburgite but d iffe rs  in being unstrained and lacking exsolution 
lamellae of clinopyroxene. No analyses have been made of ortho­
pyroxene in chromitite.
Chromite
Chromite in Oman mantle sequence dunite and chromitites varies in 
composition from Cr/Cr+Al 0.44 to 0.70, Mg/Mg+Fe" 0.38 to 0.86, and
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f ig .  '4.1A Olivine compositions Mg/Mg+Fe x NiOg Wt%
Olivine compositions in Oman mantle sequence chromites and 
dunites show a simple positive  correlation between Mg/Mg+Fe 
and NiOo Wt%. There are two factors affecting the 
compositions: 1) The plots o f o liv ine  from cumulate dunite
l i e  at the low Mg/Mg+Fe and NiO2 end o f the compositional 
trend suggesting that there is  an original magmatic 
fractionation sequence represented by decreasing Mg/Mg+Fe 
and Ni02, and 2) rocks with higher modal amounts of chromite 
tend to contain o liv ine  with higher Mg/Mg+Fe ratios and 
NiC>2 Wt% values.
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f ig .  4.1b Olivine compositions from paired harzburgite and dunite samples.
This plot demonstrates that o liv ine in mantle sequence dunite 
has consistantly higher Mg/Mg+Fe ratios but lower NiO2 contents 
than o liv ine  from the host harzburgite (in the immediate 
v ic in ity  of the dunite body) but overlap does occur between 
oliv ine  compositions from dunite and harzburgite when a l l  
lo c a l i t ie s  are considered.
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CaMflSi20e CaFoSi206
A Occluded pyroxene in ehromiti te 
• Intercumulate clinopyroxene in dunite 
Q  Harzburgite and lh erzo lite  pyroxene compositions
□ Orthopyroxene in gabbro
O Clinopyroxene in gabbro
a  In te rs t it ia l  clinopyroxene in chromitite
•fr Clinopyroxene in wehrlite
f ig .  4.2 Pyroxene plots.
Clinopyroxene compositions from mantle sequence 
chromitite and cumulate sequence ultramafic 
rocks have s im ilar  compositions to those from 
mantle sequence cpx-harzburgite and lh e rzo lite .  
Cumulate sequence gabbro contains c lino  and ortho 
pyroxenes that are re la t ive ly  Fe enriched. A 
clinopyroxene from a primary inclusion in 
chromitite plots in the two-pyroxene f ie ld  of 
Boyd and Schairer (1964) (see f ig .  3.2).
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Fe,w/Cr+Al+Fe"' 0-0.12 (table 4.2). The main chemical trend shown by 
chromite from.chromitites and o liv ine  chromitites is  that of variation  
in Cr/Cr+Al ra'tio at f a i r ly  constant levels of Mg/Mg+Fe" ( f ig .  4.3). 
Chromite from mantle sequence chromitiferous dunite and dunite show a 
s im ilar  trend at lower levels of Mg/Mg+Fe". Chromite compositions 
from cumulate sequence chromitite, dunite and gabbro are also plotted 
in f ig s .  4.3 and 4.4 showing a markedly d ifferent trend. The cumulate 
sequence chromitite and dunite chromites plot at the A1 and Fe3+ rich  
end o f the mantle sequence compositional trends and the gabbro 
chromites define a trend of increasing Cr, Fe" and Fe1" originating  
from cumulate chromitite and dunite compositions ( f ig .  4.3 and 4.4). 
Chromite analyses from paired samples of harzburgite and dunite are 
plotted in f ig .  4.3B and show that dunite chromite consistently has 
higher Cr/Cr+Al and lov/er Mg/Mg+Fe" rat ios .
The titanium content of chromite in mantle sequence chromitites 
and dunites is  generally low (< 0.4%, see table 4.2 and f i g . 4.5) but 
is  markedly higher in some chromitites where the Cr/Cr+Al rat io  f a l l s  
in the range 0.5 to 0.6. Most chromite compositions from cumulate 
chromitite and dunite also plot in th is  lower Cr/Cr+Al, higher (< 1% 
T i02) zone. Chromite in cumulate gabbro contains rather more titanium 
(< 4.3% T i0 2) and increase in T i0 2 content may be accompanied by a 
s l ig h t  increase in Cr/Cr+Al ratio  ( f ig .  4.5).
Manganese contents of chromites from mantle sequence chromitites 
and dunites vary between 0 and 0.3% MnO (table 4.2, f ig .  4.6) and show 
a simple trend of increasing Mn with decreasing Mg/Mg+Fe", suggesting 
that Mn may substitute fo r  Fe" in the chromite la t t ic e  as in the harz­
burgite chromite (Chapter 3.3). Chromite from cumulate chromitite, 
dunite and gabbro generally has lov/er Mg/Mg+Fe" ratios and contains 
correspondingly more Mn2+ (up to about 0.7% MnO, f ig .  4.6).
Feldspar
So fa r  feldspar has been identif ied  in the mantle sequence dunite/ 
chromitite su ite  in only one chromitite body (Farfar 6 - see appendix 
2.2). Optical determination of the plagioclase feldspar in th is
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f ig .  4.3A Chromite compositions 
Cr/Cr+Al x Mg/Mg+Fe"
Mantle sequence ch rom it ite  chromite 
compositions vary in  th e i r  Cr/Cr+Al 
ra t io s  at constant le ve ls  o f Mg/Mg+Fe". 
Mantle sequence dunite chromites show 
s im i la r  v a r ia t io n  at lower Mg/Mg+Fe" 
le v e ls .  Cumulate sequence ch rom it ite  
and dunite chromites p lo t  at the A1 
r ich  end o f  the ch rom it ite  and dunite 
trends re sp e c t iv e ly .  Chromite from 
cumulate sequence w eh r l i te  and gabbro 
show a d i f f e r e n t  compositional trend 
o f decreasing Mg/Mg+Fe" w ith a con­
comitant increase in  Cr/Cr+Al.
Chromites from both ch rom it ite  and 
dunite from the mantle sequence have 
genera l ly  h igher Cr/Cr+Al ra t io s  than 
chromite from mantle sequence 
h a rzb u rg ite .
f i g .  4.3B Chromite compositions from paired 
harzburg ite  and dunite samples
The chromite from mantle sequence dunite 
has c o n s is ta n t ly  h igher Cr/Cr+Al ra t io s  
but lower Mg/Mg+Fe" ra t io s  than chromite 
from the host harzburg ite  but when 
considered together there is  overlap in  
composition between the groups (compare 
w ith o l i v in e  analyses f ig .  4 . IB).
C M g /M g » F e " ) s p  
•  Dunite
O  Heriburglte
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f i g .  4.4 Chromite compositions Mg/Mg+Fe" x Fe1" /Cr+Al+Fe"'
Mantle sequence ch rom it ite  and dunite chromite compositions 
are lowest in  Fe"1 , the dunite chromite a lso  has lower 
Mg/Mg+Fe" r a t io s .  Chromite from cumulate sequence ch rom it ite  
has s im i la r  Mg/Mg+Fe" and Fe"' /Cr+Al+Fe"' r a t io s  to those from 
mantle sequence ch rom it ite .  Cumulate sequence dun ite , 
w eh r l i te  and p a r t i c u la r l y  gabbro are r e la t i v e ly  enriched in  
Fe" and Fe"1 producing the o ve ra l l  trend  running from the 
Mg/Fe" to  the Fe'VFe"' j o in .
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f i g .  4.5 Chromite compositions Cr/Cr+Al x Ü O 2 Wt%
Most mantle sequence chromite from dunite and ch rom it ite  has 
low (< 0.4%) TiOo content. Chromite w ith Cr/Cr+Al ra t io s  
between 0.4 and 0.6 (most cumulate sequence chromite) have 
h igher Ü O 2 contents (< 1.0%). Chromite from gabbro 
cumulates may have much h igher TiO^ contents (< 4.3%).
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nO
W
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p
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f ig .  4.6 Chromite compositions Mg/Mg+Fe" x MnO Wt%
The MnO content o f chromite from mantle sequence dunite and 
ch rom it ite  shows a simple negative c o r re la t io n  w ith the 
Mg/Mg+Fe" r a t io  as d id the chromite in  harzburg ite  ( f i g . 3 .9 ). 
This shows a strong preference by Mn2+ fo r  the Fe2 + s i t e  in  
the chromite l a t t i c e .
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chromitite using the Michel Lévy method on sections normal to {010} 
revealed that the feldspar is  bytownite and microprobe analyses confirmed 
th is  with compositions of An76_79. No zoning of the feldspar could be 
determined optica lly  and not enough microprobe analyses are presently 
available to investigate the p o ss ib il ity  of zoned grains.
Amphibole
Primary magmatic amphibole in Oman mantle sequence chromitites 
occurs as an in te r s t it ia l  mineral, often p o ik i l i t i c a l ly  enclosing 
chromite grains, and as primary inclusions within chromite grains. The 
amphibole is  a highly magnesian, chrome rich pargasitic hornblende 
(table 4.2, f ig .  4.7), colourless and non-pleochroic, due to it s  low 
iron content, with a prismatic habit. Secondary tremolite after clino-  
pyroxene is  distinguished from primary amphibole in having a d is t in ct  
fibrous habit (Chapter 6).
Sulphides
Small grains (< .01mm) of Ni-Fe sulphide (pentlandite) occur in 
Oman mantle sequence chromitites, in te r s t it ia l  to the chromite grains. 
They are only distinguishable in reflected lig h t  on polished specimens 
where the creamy-white pentlandite contrasts with grey-white chromite. 
When polished specimens have a carbon coating the pentlandite appears 
pale red whilst the chromite colour does not appear to be affected. 
Qualitative X-ray scans have been made on these grains and confirm the 
conclusion from optical data that they are Ni-Fe sulphide (appendix 3.2).
Platinum group elements (PGE)
Determinations of Pd, Pt, Rh, Ir and Ru concentrations by spectro- 
graphic analysis have been made on 18 whole rock samples of Oman mantle 
sequence chromitites by J.Haffty  and A.Haubert at the U .S.G.S., Menlo 
Park, Ca liforn ia , (appendix 3.3). Platinum group elements in Oman 
chromitite samples occur in the overall rat io  of Ru20 : Ir8 : Pt2 : Pdl 
with extremely low values of Rh and overall PGE abundances of 0.03 to 
0.60 ppm. The order of abundance of the PGE is  s im ilar to that 
reported for Cyprus chromitites by Constantinides et al (1980) but Oman 
mantle sequence chromitite PGE concentrations are smaller by a factor  
of ten. The PGE concentrations in the Oman chromitite bear no relation
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f ig .  4.7 Amphibole compositions in Oman mantle sequence chromitites. 
F i l le d  c irc le s  are primary pargasitic hornblende, open 
stars are secondary tremolite and the f i l l e d  star is  
amphibole from a cumulate sequence hornblende gabbro.
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to chromite chemistry of stratigraphic position within the mantle 
sequence and no discrete PGE bearing mineral phases have been identified  
although that is  not surprising considering the low PGE abundances.
The PGE may be present in platinum group minerals (PGM) and/or in 
the chromite la tt ic e  and evidence for both modes of occurrence has been 
put forward (Razin and Khomenko, 1969; Hagen, 1954; Gijbels et a l , 1974; 
and Constantinides et a l ,  1980), but there is l i t t l e  evidence available  
from Oman chromitites to support either mode of occurrence. It is  
clear, however, that either 1) the source magma for Oman chromitites 
was depleted in PGE with respect to source magma for Cyprus chromitites 
and especially chromitites in stratiform intrusions, or 2) the 
concentration mechanism for PGE in chromitites active particu larly  
within the Bushveld (of Cousins, 1969) and Stillw ater (Page and Jackson, 
1967) complexes and perhaps p a rt ia lly  in the Cyprus chromitite 
(Constantinides et a l ,  1980) was very limited or absent during the 
formation of Oman mantle sequence chromite.
4.4 Covariance of dunite and chromitite mineral chemistry
The covariances of the main compositional parameters in pairs of 
adjacent o liv ine and chromite grains from Oman mantle sequence dunite 
and chromitite are shown in f ig .  4.8. The Mg/Mg+Fe" ratios of o liv ine  
and chromite show a positive correlation (fig . 4.8A) representing bulk 
rock Mg/Mg+Fe' variation but the Cr/Cr+Al ratio of the chromite bears 
no relation to the o liv ine  composition (fig . 4.8B). The Mg/Mg+Fe" 
ratios of o liv ine  are also related to the modal percentage of chromite 
in the rock (figs. 4.8C and D), the higher Mg/Mg+Fe" ratios occurring 
in chromitites and the lower ratios in dunites. This could also be 
observed in the spinel prism plots (figs. 4.3 and 4.4). The Cr/Cr+Al 
ratio  is  independent of the modal composition of the rock (fig . 4.7E).
4.5 Spatial variation in mantle sequence dunite 
and chromitite mineral chemistry
Single grains: No systematic zoning has been identified in o liv ine  
grains from mantle sequence dunite and chromitite although detailed 
investigation is  hampered by alteration of o liv ine  grains to serpentine 
minerals (see Chapter 6). Serpentinisation involves criss-crossing of
•¡i !
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f i g .  4.8 Covariance o f  mantle sequence 
dunite and ch rom it ite  mineral 
chemi s t r y
A The Mg/Mg+Fe" ra t io s  o f o l iv in e  
and chromite show a p o s i t iv e  
c o r r e la t io n .
B There i s  no c o r re la t io n  between 
Mg/Mg+Fe" r a t io  o f  o l iv in e  and 
the Cr/Cr+Al r a t io  o f  chromite.
C&D The Mg/Mg+Fe" ra t io s  o f  chromite 
and o l i v in e  depend on the modal 
content o f chromite, both ra t io s  
in c reas ing  w ith in creas ing  
chromite content.
E The Cr/Cr+Al r a t io  o f chromite 
has no re la t io n  to the modal 
content o f  chromite.
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Variation of chromite chemistry:single grain
f ig .  4.9 Analysis points in single chromite grain (OM 3962)
The diagram shows the individual microprobe analysis points 
on a single chromite grain from a mantle sequence chromite 
(OM 3962). The analyses are l is te d  in appendix 3.3 and 
presented with s ta t is t ic a l  treatment in table 4.3. The 
analysis groups show differences in composition between the 
main body of the grain, and the marginal area delineated by 
the broken lin e .
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Table 4.3 Microprobe traverse across a single chromite grain (OM 3962)
Main area 
MAH, MAI,
of
MAJ
grain, 12 points: 
, MAN, MAO, MAP
MAA, MAB, MAC, MAD, MAE, MAG,
Mean X Standard deviation an-1
MgO 14.45 0.10
A l2°3 23.51 0.10
Ti02 0.57 0.02
Cr2°3 43.39 0.16
MnO 0.14 0.01
FeO (tot) 17.99 0.07
TOTAL 100.05
Lobate marginal area of grain, 13 points: MAF ,^MAF2, MAK, MAL
MAM, MAP, MAR, MAS, MAT, MAU, MAV, MAQ, MAW
Mean :X Standard deviation on-1
MgO 14.70 0.34
A l2°3 24.50 0.70
—1 o ro 0.45 0.07
Cr2°3 42.34 0.81
MnO 0.13 0.02
FeO (tot) 17.72 0.41
TOTAL 99.84
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oliv ine grains by a meshwork of serpentine which obscures original 
oliv ine  grain boundaries and reduces the surface area of o liv ine  grain 
available for analysis by microprobe. Chromite grains, on the other 
hand, are p ractica lly  unaltered and more detailed investigation of 
composition is  possible. A chromite grain with a marginal lobate 
overgrowth is  shown in f ig .  4.9 with analysis points marked. Table 4.3 
contains the means and standard deviations of two sets of data points, 
one from the main body of the grain and the other from the marginal 
lobate area. The analyses from the main body of the grain are 
characterised by small values for the standard deviations, i . c .  the 
grain is  f a i r ly  homogeneous. The second set of analyses from the 
smaller marginal area of the grain have higher A1203, lower Cr203 and 
lower T i02 mean values and much larger standard deviations on a ll  
compositional parameters, i . e .  the marginal area is s ign if icantly  
different in composition from the main body of the grain and shows 
greater, a lbe it  s t i l l  very limited, compositional variations. The 
compositional change from the main body of the grain to the margin area 
is sharp, across the arbitrary boundary marked on f ig .  4.9 and is  not 
the type produced by alteration of chromite (see Chapter 6). The 
lower Cr203, higher A1203 and greater range in composition are consist- 
ant with post-cumulus overgrowths from a progressively evolving in ter­
cumulus liqu id  but the lower Ti02 values are not, (table 4.3).
Variation within chromitite bodies
It has been demonstrated that single chromite grains may have 
compositional zonation produced by successive crysta llization/  
precipitation from an evolving magma and that textural evidence suggests 
that either of these processes or both are instrumental in producing 
concentrations of chromite to produce chromitite layers, lenses and 
pods. These bodies of chromitite, therefore, may contain compositional 
layering produced by successive crysta llization/precip itation  from a 
progressively evolving magma. The variation in composition of chromite 
grains from varying horizons within some chromitite bodies is shown in 
f ig .  4.10. There is  no simple pattern of compositional variation  
within the investigated chromitite bodies. The pattern expected would 
be one of decreasing Cr/Al with possibly s l ig h t ly  decreasing Mg/Fe and
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Variation of chromite chemistry within chromitite pods
f ig .  4.10 Chromite compositions p lottedaga inst  
horizon within chromite deposits
Variation in chromite composition through 
4 separate chromite deposits is  shown. 
There is  no simple or common relation  
between composition and horizon within 
the deposits.
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increasing T i02 from base to top of the chromitite body i f  i t  was formed 
by successive cumulate layers from a single evolving magma pulse, or 
i f  several magma pulses were involved then a repetition of these trends 
might be expected. Problems with the method of investigation are that: 
1) identif ication  of horizon within a single deposit is d i f f i c u l t  as 
much of i t  appears homogeneous and structureless as 'massive' chromitite 
and 2) the analyses points may be primary grains or possibly the 
marginal overgrowths identified ear l ie r  in this section. Another 
po ss ib il ity  is that the massive chromitite bodies were formed from 
immiscible chromite liquids in a s i l ic a te  melt and thus chemical trends 
up through layers as soon as chromite cumulates in stratiform intrus­
ions may not be present at a l l .
Spatial variations in chromite chemistry
throughout the Oman mantle sequence
The relative  positions of eighteen chromitite bodies in the mantle 
sequence of the Fizh block (appendix 2) of the Oman ophiolite are 
plotted in f ig .  4.11. The datum for their position within the mantle 
sequence is taken as the position of the upper boundary of the mantle 
sequence with the cumulate sequence due east of the deposit, the 
exception being the Aleya deposit, which occurs in the basal dunite of 
the cumulate sequence and is  thus assigned a value of 0km. , Locations 
of the deposits are shown in appendix 2.2. The Mg/Mg+Fe" ratios of 
the chromite grains do not show any pattern of difference betv/een the 
deposits related to their positions within the mantle sequence. The
overall variation (0.75 - 0.46) is  encountered within one single deposit 
(Rajmi 1, see appendix 2.2). The Cr/Cr+Al ratios of the chromites, on 
the other hand, do show variations between deposits related to their  
position in the mantle sequence. The chromite deposits can be con­
veniently divided into 3 groups: 1) the upper group (0-1 km), 2) the 
middle group (1-8km) and 3) the lower group (8-12km). The upper 
group Cr/Cr+Al ratios vary from 0.619 to 0.414, the middle group from 
0.764 to 0.512 and the lower group from 0.831 to 0.579. There is  some 
overlap between these ranges and one deposit (Heylah 2) contains a
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Variation of chromite chemistryichromitite pods
f ig .  4.11 Chromite compositions plotted against horizon within 
mantle sequence
Plot shows mean and 2a l im its  of group of analyses for  
each deposit.
The cr iter ion  for estimation of re lative  depths within the 
sequence is taken as the distance across outcrop from the 
mantle sequence upper boundary. The Mg/Mg+Fe" ratio  of 
chromite shows no correlation with 'depth' and the overall 
total range in composition is  encountered in one deposit.
The Cr/Cr+Al ratios group into low, medium and high values 
corresponding the upper, middle and lower parts of the mantle 
sequence. There is  overlap in composition between the 
groups but the co llective  d istinction  is  clear. The lower 
and middle groups contain mostly low TiO2 chromite whilst 
the upper group contains higher TiO? averages with larger 
variations. A ll chromite deposit locations are shown 
in appendix 2.
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range of Cr/Cr+Al ratios of 412 of the total range but a general 
progressive increase of Cr/Cr+Al ratio in chromite from chromitite bodies 
with depth within the mantle sequence is clear from f ig .  4.10. T i02 
values are generally low with small variations in the lower and middle 
groups whilst higher mean T i02 contents with greater variations  
characterise the upper chromitite group.
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